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ABSTRACT

A System of equations was developed to scale the vibration levels occurring
in a structure subjected to field vibration so that a laboratory test consisting
of sine dwell, sine sweep, random vibration, or any sequential combination of
these, will cause equivalent fatigue damage in a similar structure. A Miles type
analysis was made using the Pa]mgren-Miher and Corten-Dolan fatigue damage
hypotheses. The resulting equivalence equations are based on the specimen's
dynamic characteristics, natural frequency and transmissibility with the
negative reciprocal of the slope of the damage accumulation curve appearing as
the only fatigue characteristic in the equations. A linear single degree
freedom system is the idealized dynamic model but the analysis will apply to

higher mode responses.

A computer program using the Palmgren-Miner version of the equivalence
equations was developed which generates families of curves of equiva]eht test
levels for varying values of specimen natural frequency and transmissibility,

once the field vibration and the desired type of equivalent test is known.

The equations were indirectly validated by vibrating sets of test specimens

to the different types of input and comparing the predicted damage to the actual

~damage. The test specimens were 6061T-6 aluminum alloy cantilever beams with an

end mass which gave the specimens an average resonance of 340 cps when damped
to a transmissibility of 20. Four basic investigations were made, one of which

was invalidated due to faulty instrumentation.

The Palmgren-Miner fatigue hypothesis was found more accurate than the

Corten-Dolan hypothesis in the prediction of damage for the three valid tests.
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INTRODUCTION

Laboratory vibration testing to reproduce or simulate field
problems has had the attention of mechanical engineers for many
years. Increased interest in random processes, stimuiated by
more stringent design requirements in the area of spacecraft
vibration environments, has shown a need for further analytical

work in the definition of equivalent test programs.

Considerable effort is being expended in an attempt to trans-
form field vibration histories into meaningful Taboratory vibration

(4)(5)(‘0). The object

tests which produce equivalent fatigue damage
of this research effort was to develop and experimentally verify
transformations between field experiences and laboratory tests.
The analysis performed was directed toward the prediction of

equivalent fatigue damage.

A system of equivalence equations was developed and used as a

basis for a computer program which calculated equivalent test levels.

The "Summary and Conclusions" section of this report covers the
findings of the study effort, and supporting data and derivations are

included in the various appendices.
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DISCUSSION

The analytiba] derivation was based on two fatigue damage

(1)(2)

hypothesis; Palmgren-Miner (P-M) and Corten-Dolan (C-D)(3).

The P-M hypothesis was selected because of it's widespread

use and simplicity.

The C-D hypothesis was chosen because it is able to account for
damage phenomena in areas of known inadequacy in the P-M hypothesis(3).
Further, the C-D approach may be expressed in a form similar to the
fundamental P-M equation. The C-D hypothesis was interpreted to mean
that the characteristics which apply to repeated applications of 2 level
sinusoidal stress will also apply to nonrepeating, multi-ievel,

applications of random stresses.

Several assumptions were made to reduce the complexity of the
theoretical development of equivalence equations:
1) The S-N curve is a straight Tine on a 1og Tog plot.
2) The various types of field vibration occur sequentially.
3) More than one vibration component could exist at one time,
however, these components would have sufficient frequency
separation so as to avoid simultaneous excitation of any

one resonance.

4) The change in level of field vibration is very small in
the neighborhood of the specimen resonances.

5) Field vibration is steady state.
6) Multiple degree of freedom systems are representable by

groupings of noninteracting linear single degree of
freedom systems. ‘



The development of the equivalence equations is given in Appendix E.

See equations 5,53,55, 57, 59, and 61. These six equations were used as

the basis for the computer program used in transforming field vibration

to equivalent laboratory vibration tests.

After determining the type of equivalent test desired, frequency

range to be covered, length of test, and expected range of transmissibilities

in the test item, the computer program may be used. Based on the P-M

hypothesis, three steps are involved in transforming field vibration to

equivalent Tlevels:

1)

The first step involves combining all similar types of field
vibration inputs into one intermediate equivalent test. For
example, all the field vibration random levels are combined
into one equivalent random vibration level. The new level
would produce the same equivalent damage within te seconds as
all the field vibration random inputs. The defining equations
for this phase are (sympbols and terms 1n appendix Aj.

(a) Several sine dwells to one sine dwell

b
= il b A&da )
Asd,e" Z\[%:}‘%‘]Ef [‘ + ‘:E"] - [f: ]2[201, \ }1%
(b) Several sine sweeps to one sine sweep
Ass,e’[gv{:(‘ )(r"“)“.fd Ass,u
(c) Several random levels to one random level

g
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2) In the second step, the type of test is changed to the final
desired type of equivalent test. For example, the first step
random equivalent is scaled to a log sine sweep equivalent or
vice versa. The ¢ term appears in this step and it is a term
which appears in the sine sweep damage. It is defined for all
materials as being:

$ = 1.89/b-045
The equations for this step are:

(a) Log sine sweep to sine dwell

_ ® %
Asd,ss,e Ass, Q}naz ’/‘.')]

(b) Sine dwell to lTog sine sweep ;1)
f2
A gs,sd,e= Asd,e{ Q_l’ni 9/(.3)]

(c) Random to log sine sweep

Yer A (F2e +0% Yo
Ass,r,e’[\ﬁ%u—{‘!'] [‘Q_h'( /j;te)r(l )

(d) Log sine sweep to random

o= A2 ¢ b
Wasie™ 38 [anzg/f,)ﬂ‘*bé)

(e) Random to sine dwell

Acire- [nf-g\/e]"?[ (%) b

(f) Sine dwell to random

%
W e= Q Azd.e \ -
sd ‘}Airtn r.,(,(.* !}éi)




3) In the third step the final equivalent level is derived by
combining all the similar types of vibration resulting from
steps 1 and 2. For example, the final equivalent random
damage is equivalent to the damage of the random equivalent (W,)
due to the summation of all the field random inputs {(step one),
plus the random equivalent of the field sine dwells, plus the
random equivalent of the field sine sweeps (both from step two).
The equations for this step are:

(a) Final random equivalent

g
Wee( tyz"'\’\/‘&iey + Wss,e b/)] g

(b) Final sine sweep equivalent

b b
Ass,ee."[AssEe + Asg,_,r,e + ASS,&d,elyb

(c) Final sine dwell equivalent
A - b b b }/t\
sd,ee” Asd,e- + Asd,r, sd $S,€

A1l of the above equations are based on the P-M hypothesis but

equivalent levels based on the C-D hypothesis appear in Appendix B.

The test specimens were externally damped cantilever beams machined
from 6061-T6 aluminum. They had a first mode resonance around 330 cps
with an associated transmissibility of about 20. The specimen response
to dynamic excitation is almost identical to a single degree of freedom
system when the specimen is excited in the 100 cps to 800 cps range..

The amplitude linearity is good, with the peaks in random vibration



satisfying a Rayieigh distribution. The stress-deflection ratio is
nearly constant in the resonant frequency range for a wide range

of amplitudes.

The fatiguebproperties of the spécimens were determined by
vibrating undamped specimens to failure to obtain S-N curves for both
sine and random vibration. The C-D damage exponent was also
obtained using undamped specimens. Several sets of specimens were
made and because of variations which existed from set to set, it

was necessary to determine the fatigue properties for each set.

The vibration tests performed to verify the analysis were
conducted using damped specimens. The specimens were intended to
represent a typical natural frequency and transmissibility more
characteristic of actual structure. Four different correlation
tests were adequate to determine the accuracy of the analysis.

They were: Field vibration, random vibf'ation, sine sweep vibration,
and sine dwell vibration. Repetition of these tests were performed
to get additional statistical data. The field vibration test was

composed of varying levels of different types of vibration. (Fig.J1&2)

The actual test procedure was complicated because the external
dampers changed stiffness and damping under high level vibration.
Also, the failure detection technique used requires that the specimen
be undamped. These damper variations were determined by taking
repeated measurements during the test to determine transmissibility

and natural frequency. These measurements were complicated by the



fact that six specimen were vibrated at once to conserve setup time

and actual vibration_testing time. The failure criteria was a 1/2%

shift in the original beam resonance rather than complete fracture,(S)

and this shift was measured by removing the damper to perform a

resonant search at a low input. The correlation test was sﬁopped just
short of failure and the resonances of the six specimens were checked.

A11 specimens which did not fail were individually subjected to a

resonant sine dwell. This sine dwell produced higher stresses than
occurred during the preceding correlation test. The final run-out-to-
failure vibration produced a predictable damage level allowing computation

of the damage accumulated by each specimen during the correlation test.

| The experimentally measured damage was compared to the damage
predicted by the analysis to determine correlation. The reduction of
data, which was performed so that an analytical prediction of damage
could be made, was complicated by several factors. Since the specimen's
properties change during a test, it was necessary to divide test time
into one or more increments and use average values of transmissibility
and natural frequency over each increment. Another correction was
applied to compensate for the specimen's deviation from a single degree
of freedom response at higher inputs. Finally, it was necessary to
reduce the data for each specimen separately since each had a slightly

different dynamic response.



The results of the correlation tests are plotted on Weibull
distribution paper, (fig. G38 ). The horizontal scale is not
cycles-to-failure but damage in terms of £ "/N. The reason for

this change is presented in Appendix G.

The four correlation tests are listed with the Weibull mean
predicted damage at failure, in brackets, and the significant
result of that test: -

1) Resonant sine dwell of 6 specimens; (1.03), the use of a two
part test (correlation and run-out-to-failure portions) is

practical.

2) Log sine sweep of 10 specimens; (.98), the P-M hypothesis
predicts this damage level better than does C-D hypothesis.

3) Flat random of 10 specimens; (1.01), the P-M hypothesis
predicts this damage level better than does C-D hypothesis.

4) Field vibration of 6 specimens - 2 levels of random followed
by sine sweep; (.52). This test is considered invalid with
an instrumentation discrepancy as the source of error.

The results of the fatigue tests are applicable to judge suitability

of the fatigue hypothesis to the following extent:

1) The slope and position of random fatigue curve is more compatible
with P-M than with C-D. Each of the three sets of specimenS gave

similar results.

2) The C-D damage expo?%?t d for this project is 72% of b rather than

the average of 85%.



The final computer program was checked at severa1 points to
determine the accuracy of scaling and whether the resulting predicted
equivalent test level would produce the same damage. This was
accomplished for a case where the field or use vibration parameters

are: fn = 325 cps and Q = 20. The results were:

Use Sine Sweep Random Sine Dwell
Vibration Equivalent Equivalent Equivalent
Damage 3.087x10'3 2.645x10-3 3.080x10-3 2.05x10-3
2.56x10-3
Computer Level --- 24.67 g's 1.439 gz/cps 12.64 g
Slide Rule Level --- 24.57 g's 1.425 gz/cps 12.59 ¢

The damage resulting from the use vibration was mostly due to the
random vibration portion. The random equivalent test produces the most
nearly equal damage. The sine sweep test produces 16.5% less damage
because the transformation from random damage to sine damage assumes a
theoretical separation of the random and sine fatigue curve which is
2.4% different than the actual measured case. This 2.4% variation in
stress can result in an error of about 20% in 1ife and is in close
agreement with the computed damage. The damage predicted by the sine
dwell equivalent test deviates 50% from the field vibration damage. The
reason for this is that the resulting stress is lower for this test than
for any of the other tests. In using the actual S-N fatigue curves, a
difference will result from computer derived damage. This difference is
accountable because the slope of the curves used in the computer program is

7.8, the mean of the random slope (7.66) and the sine slope (7.94). The
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extrapolation of these curves results in a large error. If the
equivalent test time and equivalent test level are scaled by the
following equation:

tlolb = t,02 b
where b is 7.8 and o2 is a stress which is in the range for which
the curves were measured, then a test time t, will result which will
produce a damage which is not distorted by the variation siope of the
actual fatigue curve with respect to that used for the computer
equations. Using o) = 31,600 psi and Ny = 100 cycles, a damage of
2.56 x 10'3 was computed. This is 20% off the field vibration damage
and 3% off the sine sweep equivalent vibration damage. These

results are considered to be proof that the scaling equations are

accurate.
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CONCLUSIONS

The correlation was excellent for all tests except the field
vibration test, which was considered invalid due to instrumentation
error. Therefore it is assumed that the equivalence equations are
valid. From the tests it is felt that the P-M equations are more
accurate for the specimen used than the C-D equations. These
reasons are itemized:

1) The P-M hypothesis more accurately predicted the spacing
and slope of the random fatigue curve with respect to the
sine fatigue curve than did the C-D hypothesis. Three sets
of fatigue property tests support this conclusions.

2) The P-M hypothesis gave better correlation for two of the
equivalent tests and identical for the third equivalent
test.

3) The P-M hypothesis simplifies the computaticn of equivalent
test levels because:

(a) sequence of stress application does not affect
fatigue damage. (C-D hypothesis assumes that the
arount of damage is dependent on when the highest
stress occurs)

(b) C-D damage exponent values are not readiiy available.

Therz are many effects which change equivalent test levels as much
as the noted difference between the P-M and C-D hypotheses. These are
itemized as to importance:

1) Errors in measurement of field vibration and statistical variation
from measurement to measurement will give larger changes in
equivalent test levels then would be expected in substituting
P-M hypothesis for C-D hypothesis or vice-versa.

2) Errors in measurement or estimation of specimen characteristics
could change equivalent test levels as much as the choice of
fatigue hypothesis.

1



3) The available value of ‘b' or 'd' probably would originate from
fatigue tests on polished specimens, whereas actual structure
surface conditions would require a ‘B' or 'd' based on notched
specimeps. This variation'in fatugue slope due to surface
conditions could exceed the variation in predicted damage due
to the choice of fatigue hypothesis.

4) Variations in the actual distribution of peak stresses under
random loading may cause the random fatigue curve to vary its
position relative to the sine fatigue curve. In this test,
the assumption of a Rayleigh distribution was valid but it is
likely that there will be cases where:

(a) Specimen characteristics will 1imit the extreme deflections.
(b) The field vibration is severely clipped so that the specimen

response will be clipped.
5) Variations occuring in:

(a) vibration characteristics of different field vibration
tests.

(b) response characteristics of a given specimen as the
impedance of the mounting changes.

(c) response characteristics of several outwardly similar
specimens.

(d) values of transmissibility and natural frequency due
to non-linearities with respect to input amplitude.

(e) The field vibration will in general be a three dimensional
input while the equivalent test will be one dimensional.

It is concluded that any rational fatigue damage hypothesis could
be used in the development of the equivalence equations since the abové

items could cause larger variations in the equivalent test levels than

the choice of the fatigue hypothesis.

Appendix J illustrates how an equivalent random vibration test

would be derived.
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RECOMMENDAT IONS

It is recommended that restrictions be placed on the application
of the set of equivalence equations. The P-M hypothesis is not
accurate in predicting sine-random fatigue relations in some materials

7).

and loading conditions If a Targe mean stress is applied so that

the resulting applied random stresses are all tensile or all compressive,
the effect of residual stresses caused by 3o peaks may 51gn1ficantly
change the effect of the damage caused by lower random stresses. It

is expected that materials which show significant deviation from the
linear damage accumulation rule when subjected to fluctuating 1oading

will probably be the same materials which would show the most significant
deviation from the random S-N fatigue curve predicted by the P-M hypothesis.
Some materials which strain harden such as 24 S-T Alclad aluminum,
electrically pure copper, 24 S-T aluminum, and 75 S-T a]uminum(7) wOL]d
probably fit into this class. Investigation of such materials could

influence the applicability of the equivalent equations which scale

damage between random loading and sine loading.



(3)
(4)

(5)
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APPENDIX A
SYMBOLS AND TERMS

Peak stress. Dimensions consistant with o

Amplitude of sinusoidal vibration input level. In units of peak g's
of vibration.

Amplitude of sine vibration at frequency f;.

Vibration amplitude of sine dwell vibration

Vibration amplitude of sine sweep vibration

Vibration amplitude of sine dwell vibration which has been scaled in
level from the original sine dwell level to produce the equivalent
damage in the time duration of the final equivalent test, and with
the equivalent vibration component applied at the specimen resonance.
Similar to the above definition except that it applies to sine sweep
vibration and, in addition to scaling to the equivalent test time,
the extreme frequencies of the equivalent sine sweep test are the
same as the frequency limits of the final equivalent test.

Vibration amplitude of sine dwell vibration which has been scaled
from a sine sweep vibration test.

Similar to above but that scaling is from sine dwell to sine sweep.

Similar to above but that scaling is from random to sine dwell.
Similar to above but that scaling is from random to sine sweep.

Final equivalent sine dwell test which is a summation of all the
original field vibration tests.

Similar to the above definition except that the final equivalent test
is sine sweep.

The negative reciprocal of the S-N curve on log-log plot.
The linear damping coefficient used in the equations of motion.
Critical damping; 2 Vkm

The value of N which would result from the hypothetical extrapolation
of the S-N fatigue equation to o = 1psi

Abbréviation for Corten-Dolan criteria
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In

m

N

The exponent which appears in the C-D damage equation.

Decibel

Fatigue damage

Natural or Naperian logarithm base

Expected value of some function

Frequency. Dimensions in cps.

The frequency of the equivalent sine dwell test vibration component
Resonant frequency of specimen

Frequency component of field vibration tests associated with highest
<tress.

The jth frequency component of the sth field vibration test.
Fourier transformation symbol

Gravitational acceleration: 386 inches/sec?.

Fourier transform of the vibration input

The complex transfer function

The imaginary number'\/:i‘

The elastic restoring coefficient used in the equations of motion.
The proportionality constant between stress and deflection

Hatural or Naperian logarithn symbol

Mass

The factor used in correlation testing to relate the actual specimen
vibration characteristics to the hypothetical specimen characteristics.

The number of cycles the specimen experiences

The number of cycles that the specimen experiences at the ;th stress
Tevel.

The expected number of cycles to failure that a specimen will experience.



The expected number of cycles to failure that a specimen will
experience in a multilevel test.

The expected number of cycles to failure that a specimen would
experience if stressed at the jth stress level.

The probability density function of peak stress at stress level a.
Resonant magnification

The logarithmic sweep rate: 1n f2/fL/tss

The theoretical spectral density at +w. Dimensions in gz/radian.
Test time in seconds

Sine sweep test time

Sine dwell test time

Equivalent test time

Random test time

The experimental spectral density at f. Dimensions in gz/cps.

The fraction of the total number of cycles to failure which were

‘conducted at the jth stress level.

The gamma function symbol

Material strain

A measure of specimen damping: 1/2Q

A generalized damage exponent used in the derivation of equations.
Summation symbol.

Stress symbol. Dimensions in psi. Where dealing with distribution of
random stress peaks, it is the r.m.s. level.

Random stress. Dimensions in r.m.s. psi
Sine stress. Dimensions in peak psi

An approximation term used in the damage expression due to sine sweep
testing.



§ Ohms of electrical resistance

W Angular frequency. Dimensions in radians/sec.



APPENDIX B

DERIVATION OF EQUATIONS

The following analysis is based upon the Pa]mgren—Miner(])(Z) (P-M) and
Corten Dolan(3) (C-D) fatigue damage accumulation hypotheses. It deals with
vibration environments whose descriptive parameters remain constant and are
applied sequentially. The model is a linear single degree of freedom
oscillator. The principle goal of this analysis is to equate fatigue
damages using vibration input parameters rather than terms of stress or
strain.

[t is assumed that any compliex equipment may be represented by a
combination of non-interacting single degree of freedom oscillators and that
the damage due to combined vibration types may be handled by considering the
various types of vibration separately. The case of non-stationary or time
vérying vibration will be treated by breaking that environment into a series
of sequential environments each of which has constant parameters.

The method of solution is outlined at this point. Let the field vibration
which the specimen experiences in its effective 1ife time be presented as three
types of vibration envelopes: A

1) W The jth random vibration envelope

2) A The jth sinusoidal dwell vibration envelope

sd,i

3) Ass,i The jth sinusoidal sweep vibration envelope



The first operation is the reduction of all the envelopes of one type of
vibration into one envelope of that type. As a result, one random envelope Wg
with the same damage potential as all of the use vibration random envelopes
will have been derived. This is repeated for each of the other types of vibration.

The second operation is the scaling of damage resuliting from one type of
vibration to an equal damage resulting from the type of vibration which is
desired to use for testing purposes in the 1lab.

Symbolically:

We = Asd,r

e > Ags r

Ass,e-:> Wss

A - W

sd,e —~ "sd

A

Asd,e'1> ss,sd

Ass,eZ:> Ass,ss

The final subscripts on the right hand terms indicate the initial equivalent
test. The first equivalent test which results %romsumming damages of one type of
vibration is scaled in the second operation to a second equivalent test.

The third and final operation is a summation of the three equivalent tests
into one final equivalent test. Since all tests are by this stage transformed
into the final desired type of vibration, this is a summation like that used in
the first operation. The overall process may be presented in the following

manner for an equivalent random test:



First operation Second operation Third operation

ee

b=
w
o
b~
wn
o
o
U
=
wn
o
X2
=

The first step of the detailed deve]opmeﬁt of the equivalence equations
involves altering the basic form of the C-D equation to obtain a form
similar to the P-M equation. This simplifies many of the later manipulations.
The P-M hypothesis is usually presented as:

D=3 7K
~1=| i ‘ (1)

When D is unity, the specimen is assumed to have failed. This is a linear
damnage equation; the N, term is the life from an S-N plot and the change in
D is proportional to a change in nj. On a log-log plot of stress vs. cycles
to failure for specimens run at a constant stress level, the locus of failure

points is approximately a straight line, the slope of which is ']/b.



log N
Figure 1

The equation of this failure curve is:
No°=C
Although the curve is a locus of failure points, the accumulation of

damage, or cycle ratio, for a specimen is considered to occur with the

N; defined by this line regardless of the ordering of stress levels.

The (C-D) hypothesis is usually expressed as:

Ng _ 1
R

This may also be expressed as:

bdlty;c’== .'7\;(,;‘1

where n; is Ng x4, the number of cycles occurring at the jth stress

1
]b=§ n.i (_g:_j—)d
w1 N Lo

This can be transformed to a (P-M) type form by letting N;~= N](Oﬁ )#

level.

This results in the equation:

it
™3

-
e
-
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Besides being similar to the P-M equation, the plot of the damage

accumulation curve shows the similarity of the two hypothesis.

a |- -\

|os c Figure 2

N‘ |09 N
The curve with the slope - ]/d and intersecting the S-N curve
at G], Ny is the (C-D) damage curve. In general d<b(3) so the
slope is steeper than for the S-N curve. It can be observed that
the high stress 0y causes the lower stresses (’} to have greater
damage potential than if (J] had not occurred. The two criterias
become equivalent when d = b. In order to simplify the derivations,

the damage exponent will be referred to as @ until it is desired to

specify which hypothesis to use.

D= F - L e(g)

The structural nodel will be represented by the Voight model in Fiqgure 3.

- 'i

Kl:F.’JC X

-

«
L1 1]
A

V! :

L

Figure 3



The differential equation of motion in terms of y, the relative
displacement, and x the absolute input displacement, is:
My + Cy + Ky = -Mx
which is the equivalent of:
:); + 7 rlmn)" + wnz)‘/ = -X

The complex transfer function representing the system is defined as

H(w) = E%oufput|
Il input
where F is the Fourier Transformation

F [f(t)] = j ft)e 1wt gt = F(w)

‘0

n ¢ = ()N
F [ddtrf(t)] (i0)" F(w)
Glw) = y?(t)e-"wt dt

Transforming the differential equation (9) and solving for Hiw),

2 . . . Lk Y o N
rﬁ“)‘ZIMJHOM)+LmﬁJFQﬁ)?“Qme

o= Flog) -
(2 (.J.)) Wy~ ¥ ZtTZOJﬂ {a)
. It is useful when dealing with magnitudes to use the absolute value
of H{w:".

Tz !

! B o)

!
P4 4 2 2 Cn e
N\ Wn PATORIEN ( - )

(93]

(10)

(12)



The maximum ‘H(w}! for a system with a Q=20 occurs atw = .9987 wp

For practical purposes the maximum lH(w){ occurs at w = wy.
EC el
Wl
n

When dealing with frequency expressed in units of cps, the

expressions become

NGIE |

To express stress, o , in terms of acceleration input, the

following development is used.
0 =Ky

For a given deflection shape the proportionality constant Ky is defined.
It is a constant for all frequencies in a single degree of freedom
model and nearly constant for the resonant frequency region in a
distributed mass system. By the previous derivation it can be shown

that

0 = K |Hw) | X = K,’.H(f)l X

which is the basic formula for stress in sinusoidal sweep and sinusoidal

dwell tests.

(17)

(18)



For the case of random vibration the rms stress is

Orms = X Yrms

Yrms xfj\m)lz () du =\/<"|§° £)12 W)

and W(f) is the experimental spectral density H1Lwc1es per second

df

(amplitude)<
where S(w) is the theoretical spectral density in radians per secon

)2

(amQ_1tude)2

4

At this stage, the damage due to various types of vibration can

be derived. The first and simplest type is sinusoidal dwell.

equations (7), (18), and the equality

-ni = 4‘;{"

i

H(fel)

From

o=F R@LL WK

O

S 1 b bl ! A

KiH (1)

A

\

e
Ay

.
I



The summation applies to i spectrums or tests each of which could be composed
of several acceleration inputs Aij' The particular Aij in the summation
which produces the greatest stress in the specimen is Ay and Ny is the cycles-
to-failure associated with the highest stress, and,H(f])fis the transfer
function for Aj. When D = 1, a test run for Ny cycles at Ay input would
result in the same damage as i tests at A; input. For generality it is

assumed that an equivalent test will be performed at resonance. Therefore

HUEN= Qan?f?
Neg = F-nte

where t, is the equivalent test time.

Now equation (21) for the equivalent test would be

since only one level is run. This damage can be equated to the damage

caused by the field vibration (equation 21)

tute fi tl IHED] A_‘J

-

Ne == N IH (R A

N [HOIA]S P F (B g1 GalA]"

=1 J=I

i

(25)
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Now Ny and Ng are valuestaken from the SN plot, therefore N\O—,b'-: Ne@b

No-(o AR (6) ] A,)\° NP
Ne m) ‘mmm) (:_::%T)I%)
(HCO1AD 1Hea)1 4)*% zz([’»’X%){leﬁlAg)’ )

por (a5 £ (B e,

In the case of the (C-D) hypothesis, 8 is d and Ay is the highest
equivalent input occurring prior to i = 1. That is, more explicitly,
the summation can only be taken for stresses which do not exceed the
highest prior damaging stress which occurred due to Ay. Whenever a
more recent high stress occurs, a new value of A} is taken and a new
summation is taken from that point until a later higher stress. For
a case in which the stress levels are monotonically increasing, the
equivalent test is equivalent to that determined by a PM damage
criteria since there would be only one term in each summation and

the |H(f1j)|Aij would be the same as the ,H(f])'A] which appeared
outside the summation sign representing the highest prior stress level.

For the Palmgren Miner case 8 = b

el (1 (RN

" =



Here again, of course, the implication is that the equivalent test will
be run at the specimen resonance. The value of{H(fij)Ican be entered

into and simplified

As®
Ae= 2[? %"X (_)2(“(’;{“)4),({%“7201__,)% (28)

Next, the random vibration equivalent tests will be derived. The case

of scaling several sequential tests to one equivalent test is based on

a similar development to that for the sine dwell tests.

The first assumption is that the specimen has a narrow band response
so that a Rayleigh distribution of peak stresses will occur. The
relatively narrow band pass also implies that only the random spectrum
in the immediate frequency region of resonance produces any significant
response. Therefore random stresses will be based upon the spectral

density at resonance.

To obtain the rms deflection, one must refer again to the complex

transfer function‘H(mﬂ. Mean square response can be defined as:

()= | sﬁcu)awf'sx(w) |H@ [*dw (29)

Since sy(uo will not be referred to again, S*(“O will be referred to as
S(wp)» the input at resonance.

- ™

- de
E(vjz) S(“"‘I‘)I( “ w4- zwzw('-znzn (30)




The solution of this integral is:
E(y)=T7QS
Wy

The theoretical spectral density is related to the actual spectral

density W/, by the relation:
°F W
4n

and using the relation,y = 2 f, we get:

E( 32)2%\%73

The relation between rms stress and rms deflection remains the same as

for the sinusoidal case so that the expression for stress becomes:
Y2

O s = KiYypms = K E(y%) = K'(ngT‘% Jf )
n

Referring back to (7) for the expression for damage,

wm %
D-£ %, (&)-2 %, (W)

The damage expression or cycle ratio for random vibration is expressed as:

D = ft{p@ da
N(a)

The frequency term is the mean frequency occurring in time t and is most

accurate for narrow band random vibration where f == fn. The number of

stress peaks occurring in amplitude interval da is fte<p(a) da where p(a)

is the probability of a stress peak occurring in interval da. For narrow

(3%)
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band random, a close approximation to the actual distribution can be made

with the Rayleigh distribution:
- -G ot
p(a)-- Q. e
o2
In this expression a and o are in terms of stress. The variance is

expressed as the rms stress level. The terms N(a) can be expressed in

the form of (7) and the final expression for damage is:
o _
_ o - Pog?
D=Lt [a®'e
(4
Go*J,

The @ term is the negative reciprocal of the slope of the damage

Q

accumulation curve. The solution of the integral gives:

D= _f_vc.s_t_v"Z% [(1+97%)

From this relation it follows that the random vibration S-N curve

should be:

No®= Cy2%r(1+95) = C. )



It is apparent from (36) that if the (C-D) damage hypothesis is
assumed and 8 = d, the random S-N slope is different than the sine S-N

curve. The separation of the S-N curves at a given value of N is:

G _\Z (0T (1+82))%

o,

This separation is therefore stress dependent as long as the slopes
of the random and sine S-N curves are not parallel at a given value of
N. The above relation assumes a Rayleigh distribution of peak stresses
and for Tow values of Q this would not be an accurate assumption.

Using (35) one can obtain relations between several random envelopes.
The damage for the equivalent random test can be written as:

ot
Ne

Equating (37) and (35) and using the relation nj= f.t the following
relations are obtained:

Te _ ¥ Di(W'.

\ 92
Ne & N Wu)

14

(39)

(40)



From equation (36) and (34) the following is obtained:

R-(8) ()

Therefore:
2
We = W, L (M)% 6 (42)
1= € W.

The same damage criteria is assumed to apply for varying stresses
which occur in random vibration and non-repeating blocks of different
level vibration. The 2;49 exponent on the outside of the bracket is a
function of the slope of the random S-N curve. The €>€Z exponent within
the bracket is a function of the damage accumulation for non-repeating
blocks of vibration. The final equations used in this report have 8 = b,

Therefore the equivalent spectral density becomes:

[}1.“;(SL W; %]% (43)

The equation for random vibration damage which will be used to equate

random to sinusoidal damage is taken from (37), (36) and (34).

D= '_;\l'e = fm__‘\{l:e | (37)
e e

Ne= -‘Ces (36)
0.’ 2% ["(1+92)




Y2
Oe = K.( We
© 32 M°tn i

D= K we OV ke I"(I+9é -
G | 6 0 r

The sinusoidal sweep vibration damage is developed by starting with

once again.

D= z‘ \ (7)

Since the stress level is continuously varying in this test, the value
of m would approach infinity. A differentially small component of damage

could be expressed for the damage occurring at the i th stress level.

di:’ ‘__9_ Gd' 45
D g @ (o

The bracketed value will be considered a constant. The value of n;
can be considered to have occurred within a very short time, dt, as the
vibration sweeps thru the i th stress level. Therefore,dni = fidt. The

most popular type of sine sweep is one in which the frequency varies log-

arithmically according to the equation:

df _ Rf (46)
brdi

N
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where R is the sweep rate. Solution of (44) gives the following value

1‘“ f%'
tes

for R:

where f, and fq are the extreme frequencies of the sine sweep and tss_is
the time required to sweep from fy to fp. Using these relations with (18),

equation (45) can be changed.
dDi= d'r\id'i°= ___)fadt(Klew)lA;)
i:]'(fia hJ“S.

dt- df;

i R
4P (m) fiR (47)

| K,% ts
PRI g‘(mmw df- ;} (lH(f)lAc df

The term A¢ is the tab]e input at frequen(y f (the subscr1pt 1 has been

ke(IHE)Ag)”

dropped). The value tgs is for one sweep but this could be the time for
several sweeps to occur if the test lasts an even number sweep durations
in time tgg. It is assumed that the highest stress occurs at fn during

the first sweep. The case for severa] sequential sine sweeps is:

i
D- K& o_e. 5 {c-:t/f J('H<‘)|Af') df 48




Finding an equivalent sweep level (Afe) for several equivalent sine sweeps
is done in a manner similar to previous derivations but the assumption
must be made that Ag; is a constant with respect to frequency so that that
term can be taken out of the integral. This assumption is consistant with
that made for the random spectrum being constant in the resonant frequency
range. Very little damage occurs outside of the half power points of the
specimen so this assumption is valid. This assumption also makes it possible
to perform another simplification. If the integrals which appear in the
summation have different limits but these limits fall reasonably far from
the resonance of the specimen, then the damage resulting at the extreme
frequencies is of little importance and the extreme frequencies could be
changed to coincide with that of the equivalent test frequency range. The

resu1t1 equ1va1ent test can be expressed as follows:

tseA K }'ﬂ! AL TH(“ |od\f
1h1°/€eNe°" F(\HG)')dc N,g?® = 1‘n='/f .(. ))

The values of A, and A; are taken at specimen resonance. By cance111ng the

integrals and regrouping the resulting equation may be obtained.
e
A= oo )z In‘%e te) A 1
s 2 tse
a0, | l‘n '

Since N and N7 lie on the S-N sine curve, the ratio h%?‘d, can be expressed

in terms of stress

R “
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b-0 ( N\ A6
noe (B R (e i) A

At resonance ate 0-' = %-‘
G-Q e

- faf \/ o]/
SN

This expression is similar in form to (26). For monotonically increasing
test levels this is equivalent to the (P-M) criteria. When 8 = b the (P-M)

version of (49) can be found:

3 (L hof .
Ae[.-\hz/( _E_::A (50)

At this stage all three basic types of vfb};tion damage have been derived
and the scaling of damage from one type of vibration to another can be
made. Since the equations are developed, the algebraic manipulations are
omitted and the resulting equivalent level for one type of vibration is
presented in terms of the parameters of the field vibration test which is

to be scaled.

SINE SWELL FROM SINE SWEEP GENERAL CASE

Asa]| (IH( ) As) df]

nm bTL‘S a,mnfz/f YH (rsa)l)"



In this equation subscript ss denotes sine sweep and sd denotes sine dwell.
The term Ass, f,, is the sine sweep input level at resonance and A, is the
sine sweep input at frequency f. f2 and f] are the freqguency limits of
the sine sweep and f¢4 is the frequency at which the sine dwell test is
~conducted. too and tgq are the test times of the sine sweep and sine

dwell tests. The following equation is the case when 8 = b, foyq =

and A.. is a constant in the resonant frequency reg1on

Ao 4t Assisf b ._,f.') I (mml)“af o

SINE SWEEP FROM SINE DWELL GENERAL CASE

e Aff) T

The subscripts have the same meaning as in the previous relation. The

assumption has been made that Ag¢ is constant in the resonant frequency
region. The simplified equation in which b = 8 and fsq = fn is presented

below:

Ass QA&Q tSd (]LM) e }g (54)
(27 [ (1w af

. RANDOM FROM SINE DWELL GENERAL CASE

W= \en? G;d‘ ?.') _[_g A:AK?T\H(‘sJ)')b * =

Q [\t

20
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In the above equation the subscript R refers to random test parameters.

In this case the stress-deflection ratio K, does not cancel out. This is

an awkard result of the assumption that the random S-N curve is not parallel
to the sinusoidal S-N curve. Experimentally both curves have approximately
the same slope. If one assumes that 8 = b and that feq = T then the

following equation results:

% gf{%@(mmw %

SINE DWELL FROM RANDOM GENERAL CASE

+ \ r ",
O T e o N

A1l conditions and subscripts for (57) are the same as for (55). Similar

simplifications to that made for (56) results in the following:

CO+58) [t | %
Au(i25] [ G' \Ld/(u-.(a,):)

SINE SWEEP FROM RANDOM GENERAL CASE

95 0¥ P B W
Ase| (tJT%WHG)I L

Here again the stress deflection ratio K] appears. The simplification

to the P-M relation is performed by letting @ = b.

(60)
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welAl (%?)F? K ( lH(r)l)dr] ‘ l

The simp]ification to the (P-M) relation is performed by letting @ = b.

Tab a0 o 4° 62 Elineh)
w-.-[Ass(jn)Tl_‘,(‘f« %‘; O""Ian( o] o)

This completes the derivation of the basic equivalent equations.




APPENDIX C

COMPUTER PROGRAM

A program was written in Fortran 2 language to generate a family of
equivalent curves for a range of Q. This allowed selection of the equivalent
test once the test item natural frequencies and Q's are estimated. The program
gencrates a single preselected type of equivalent test.

The sequence of transforming the field or use vibration to an equivalent
vibration was broken into three phases. A prior step is the choice of the
type of equivalent test, its duration and frequency rangé, the field vibration
inbuts, frequency ranges, and durations. In addition, the range of Q's and
increments of Q and frequency must be predecided.

Phase 1 combines all like types of field vibration into one (1) test of that
type lasting the same time as the final equivalent test. If only one component
of.a certain type of vibration existed in the field vibration then its Tevel
would be scaled to produce the same damage in the equivalent test time duration.
The equations used are {7) #3) and @9) of Appendix B.

Phase II is the transformation of the phase I levels into components of
the preselected type of vibration. At the completion of Phase II, a component
exists for each type of vibration which was present in the fijeld vibration.
Equations 62) 64) 66) 68 €0) and 61) are used with slight modification in
Phase 1I.

Phase III is the combining of these like types of vibration into the
fiha] equivalent Tevel using some equations of phase 1. A diagram of the process

js presented for obtaining a sine sweep equivalent.

USE PHASE 1 PHASE I1I PHASE 111
VIBRATION

ZZ_Asdi, tsdi ——— Asde, te —————> Ass, sd, te«l

ZiAssi, tssi ————= Asse, te > Ass, ee, te

L Wi, tri > We, te = Ass, r, te I




This process is repeated for every change in resonant frequency throughout

the equivalent test frequency range. At that point a step is made to the

next higher Q and the process is repeated to get a new set of equivalent levels.

The

families

output is in the form of tables of numbers which can be plotted into

of curves. From these curves, interpolations can be made to obtain

actual equivalent levels for points which don't fall on the curves.

The

transformation equations are modified to minimize the computation

time. The integral appearing in the sine sweep equations required major

simplification due to the following difficulties:

(1)

Scaling of large numbers. As f or fn is changed, the integrand which
is raised to thegié power becomes greater than 10°0 . This is greater
than the capacity of the compﬁter causing an accumulator overflow.
The problem of the large number can be helped by expressing the
integral in dimensionless ratios. The original form of the damage

equations i f;

. (Qﬁf&" =

This can be changed to the form'

o S LT T eRTET]

Time for solution. It required one m1nute for an IBM 7074 to solve

. 1—2?7’)]%\_

8 integrals of this nature. Since this computation is repeated on the
order of a thousand times in an overall scaling program, it becomes
necessary to approximate this integral by some means so that the

computer time is kept to a practical minimum.



The problem of excessive computation time is solved by using an
approximation for the integral in sine sweep transformations.

A d1mens1on1ess function ¢ is defined as being:

so that: rf‘ [Qz«wc/f d}—f/{: zQz j?’z

D=2 ot
l’h% NaQ

The function ¢ can be approximated by a simple function of & since

the function ¢ varies less than 2% when fy is in the range of 10 to 1500 cps and
Q is in the range of 10 to 30.

These plots are shown in Fig.C=l . A plot of the variation of ¢ with
respect to bshows this to be nearly a straight line on log log paper Fig. C-2.
This feature makes it possible to approximate the function by the equation:

$-=1.89 b=-645. The use of this approximation reduces the computer time
by about a factor of a thousand with respect to the determination of the

sine sweep damage.

It is assumed that Q varies by less than an order of magnitude over
the frequency range of 5 to 2000 cps. It is, therefore, desirable to have a
logarithmic step size to obtain the same relative resolution over the entire
frequency range. The computer program uses f; = f‘_"(fz/fl) 1/n
where fy and f, are the extreme frequencies and n is the desired number of
frequency increments.

A change in step size was made to prevent difficulty arising when sine
dwell field vibration was superimposed with sine sweep on random field vibration
While the change in level of the random and sine sweep inputs was gradual
(or of a Tow Q nature) the sine dwell component is a discrete single frequency
and any equivalent transformation of this will change qreatly as the specimen

resonant frequency varies in the region of the sine dwell frequency. For the



field vibration in this project a logarithmic frequency stepping of 100 intervals
had sufficient resolution to make accurate curves. When sine dwell components
were superimposed in the field vibration at low frequencies, the resulting equiva-
lent curve plots were very irregular in the region of the sine dwell frequency.
This was most pronounced for high Q equivalent curve plots. As the specimen
resonance changed gradually in the sine dwell frequency region to coincide with
it, an equivalent Q curve took on the appearance of a single degree of freedom
response. When the step spacing was greater than the response bandwidth, the response
was completely missed. A finer stepping was necessary for sine dwell components,
but outside the frequency region of the sine dwell component where the effect

of that component was negligible, the fine step size is detrimental in that too
many points are generated resulting in a long computer run. Therefore it was
desired to have the step size change to a finer spacing in the frequency region

of a field vibration sine dwell component and change back to the normal spacing

in the rest of the frequency region. The change in step size was chosen to

be by a factor of 10.

At this point a flow chart and operational description are presented:
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DETAILED FLOW DIAGRAM
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R
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Y

CALC. &
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Y

UPDATE
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Y
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ST@RE
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PROGRAM PRINT-OLT
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53

13

15

ViGiAL L0l SCALING
CiARnS oL TSS(1W),F1SS(18),F255{10),ASS(99,10),NASS(10),
PTID10),050{99,18),7S0(58,18),NASD(12),
2rw(z ), A(90,10), HAR(1E),
33!

.

o,y SEN(508) ,A(560),NG(19)

g
0
i0,10;,C2(10,12),FD(10),AD(10),AESS(500),AESD(5¢0),
( , TU@@INTYP, NSS,NSD,NR,Q1,Q2,DQ,F1E,F2E,DN,

1u,:c
Tl -LOGF(F2E/F1E)

Pii=1 .8/ %k 645

BGAN =GAW (1.+B/2.)

Pl=3.14159

IF(NSS) 1, 3,1

DO 2 L=1,NSS

RCAD(2, 1081)MASS, TSS(L),F1SS(L),F255(L), (ASS(N,L),N=1,MASS)
NASS(L)=MASS

CONT I NUE

IF(NSD)L, 6,4

DO 5 L=1,NSD

READ(2,1002)MASD,TSO(L), (ASD(N,L),FSD(N,L),N=1,MASD)
NASD(L)=MASD

CONT INUE

IF(NR)7,9,7

DO 8 L=1,NR

READ(2, 10¥2)MAR, TR(L), (AR(N,L),N=1,MAR)
NAR(L)=MAR

CONT | NUE

NQ=(Q2-Q1)/DQ+1.0
DENT=(F2E/F1E)**(1./DN)

JFN2=DFN1%* 1

CTURDFNY

252 LQ=1,NQ

03 53 N=1,NSD

O =

(A=l TE

D0 27 LF=1,500

o isLF

LCSS(LF)=0.0

LISD(LF)=0.0

FER(LF)=0.0

IF(NSD)13,19,13

SUM2-1. @



L, NSO
ASTETD P
VR T ERIY
Love RS U(L)
Good w1, iBW
Cilr, L= sO(K,L)* (. Q=1.)/( Q)
C20, LY=FSD(K,L)*{ Q+1.)/( Q)
IF(FN=C2(K,L)) 14,1416
W IF(r=C1(K,L))42,15,15
15 FD{L)=rSO(K,L)
AD{L)=ASD(K,L)
LE(NG(L) Y6, 40, 40
L9 NG(L)=1
Fu=C1(K, L)
M‘CONTINUE

GO T0 17
16 CONT I NUE
L2 NG(L)=9

17 XSUM2=(FD(L)/FN)*{TSD(L)/TE)*AD(L)*>3/
1Q¥Q* (1. +(FD{L) /FN)**4)=(FD(L)/FN)**2%
2(2.,%Q%*2—~1.))**(B/2.)

SUM2=SUi2+XSUM2
18 CONTINUE
AESD(LF)=SUM2**(1,/B)
DFN=DFN1
NGS=¢
DO 51 N=1,NSD

51 NGS=NGS+IG(N)
IF(NGS)52,19,52
52  Ciu=DFN2
19 LoINR)20,22,20
20@) =00
S0 2% L=1,NR
L=1409% (L=1)
CRR=CVRDF (AR( LL),NAR(L),1,1,2,FN)
XSUM3=TR(L)/TE*CRR**(B/2,)
SUM3=SUM3+XSUM3

21 CONT I NUE

. AER(LF)=SUM3**(2./B)
22 - LF{NSSI10,12,10
O

—~

i
1o . Si

CRSS=C RDF(ASS({ LL), ~SS{L).1.1.2.f )



1l

v
{)

23

[y
-

26

27
L5

28

29

30
31

32
Yoy
1000
R
feo3
SR
1405
1O5L4

1w/

LTSS (L)*CRSS**B/ (TE®
L FISS{L)/TISS(L))) -
L LT EXSUMT /

) Vg
S T LR

RESS{LT )= SUMT**(1,/B)
f23,2L,25) ,MTYP
TE(PIE AER(LF)*FN/Q)* (FLN*Q*BGAM/PH)**(1./B)
A2=LESOULF)*(Q*FLN/PH)**(1,/B)
A(LF )= (AESS(LF)** B+A1**B+A2¥*3)**(1,/B)
GO 70 20
A1=AESS{LF)*(PH/{Q*FLN))**(1./B)
A2=SORTF (PI*FN*AER(LF)/Q)*BGAM** (1./B)
A(LF)=(AESD(LF ) **B+A1**E+A2%%B) %% (1, /B)
GO TO 20
Al= AESD(LF)**2%Q/(FN*P1) *(1./BGAM)**(2./B)
A2=AESS(LF)*%2%Q/(FN*P [ )*(PH/(FLN*Q*BGAM) )**(2./8)
A(LF)=(AER(LF)**(B/2.)+A1*%*(B/2.)+A2%*(B/2,))**(2./B)
CONT INUE
SFN{LF)=FN
FN=FN*DFN
IF(FN=F2E)27,27,45
CONT INUE
WRITE(2,1003)
GO TO (28,29,30),NTYP
WRITE(2,1004)
GO TO 31
WRITE(2,1005)
GO TO 31
WRITE(2,1006)
WRITE(2,1007)(Q,SFN(K),A(K),K=1,NFN)
CLLL DUMP ONE
0=-3+DQ
CJUTINUE
FOuriAT(L11/(3E10.9))
FOPIAT(12,3E10.0/(2E10.0))
CORMAT(12,E10.08/(2E10.0))
FORMAT(THT, 13X, 18HVIBRATION SCALEING//)
FOGRMAT(LX, THO, BX, 2HFN, 6X, 30HEQUIVALENT SINE SWEEP (PEAK G)//)
¢ GRIZAT (LX, THQ, 8X, 2HFN, 6X, 3BHEQUIVALENT SINE DWELL (PEAK G)//)
fORMAT (LX, 1HQ, 8X, 2HFN, 6X, 26HEQU I VALENT RANDOM (G2/CPS)//)
FORMAT(F6.0,F11.1,F12.4)
END

wul

T
AL =S5O
-]
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ORIGIN
EXECUTE

ORIGIN
CVRODF

HAHAYY

HAHAXX

WORDXX1
WORDXX 2

CNTRL10020

CNTRL7?
DC
@CVRODF @
+0
+0
+1000
+0 .
+9100000002
CNTRL1000
SMSC

ZAY  2(4,5)+X94
STD1 HAHAYY(4,5)
ZA1  3(L4,5)+X94
STD1 HAHAXX(4,5)
ZA1  B(2,3)+X94
STD1 *(6,9)+2

ZAY  P(6,9)+X94

AA *(2,5)

STD1 TABLEWORD(2,5)
ZA1  1+X94

STD1 *(2,9)+1

IA1  *(6,9)

ST +1

AA TABLEWORD(2,5)
STD1 TABLEWORD(6,9)

ZA1  L4+X94L
STO1 *(2,9)+1
A1 *

STD1 WORDXX1(6,9)
XLIN 1WRD, 2+X94
ZA1  @+1WRD

STD1 WORDXX2(2,3)
XLIN 1WRD, 3+X94L
ZA1  @+1WRD

STD1 WORDXX2(L4,5)
XLIN 1WRD,5+X94
MSP  |VWRD

ZA3  0+IWRD

BLX RETURN, INTP
DRDW +TABLEWORD, TABLEWORD
NOP  UGYUGY

ZA1  UGYUGY

INTP

INTP

INTP

INTP

INTP
INTP
INTP
INTP
INTP
INTP
INTP

INTP
INTP
INTP
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UGYUQGY
TABLEWORD
CCOM

INTP

NOP
HP
DA

MSM
MSM
LST3
XL
ZAA
S1
A1
ZST1
LEH
MSP
XLIN
ZA3
CSM
BH
MSP
MSP
ZST3

S1
LA2

S2
ZS3

A2
ZST2
C2
ZA3
BL

A2
C2
BH
ZA2

ZA3

MSM
A2

¢0,199
*+80

*+16

CCOM

98, B+RETURN
@+X93
98(8,9)
*(0)

CCOM+1
0+%98

*4.8

98,98
1+RETURN
9993

*43

*+66

9993

CCOM+4
*+18

9991
CCOM(L,5)+4
*(@)-1
*(P)-3
9992
98(4,5)
98(6,9)
CCOM+2
CCOM(2,5)+1
CCOM(L,5)+4
*+12
98(4,5)
CCOM+2
CCOM(6,9)+1
*4l

CCOM+2

*4.7

98(4,5)

9992
CCOMIE Y +1

CCOM(L,5)+4L

SET EXT SW TO NOP=OFF
SET TLU SW TO NOP=0OFF
SAVE ARGUMENT

PUT RDWLOC AND A IN 98
GET +RDW OF TABLE

LAST FUNCT!ION ADDRESS
MINUS A + 1 IS XN ADDR
SAVE X@ AND XN ADDRES
LOOK UP. IF ARG IS GRTR
TBL,SET TLU SW TO BR=ON
SET 98 = +A,FOUND

IS THIS LAST FUNCTIONN
TO BE INTERPOLATED

SET EXT SW TO BR = ON

CHANGE SIGN OF LAST DRDW

NO, SVE DRDW OF CALLING
SEQ AND GO THRU TLU SW
lF OFF, GET X@ LOC

GET K

DIVIDE BY 2

ADD 1 TO QUOTIENT

MAKE SUM MINUS

TIMES A

ADD TLU FOUND LOC

SAVE X@ LOCATION
COMPARE WITH TABLE X@
GET K IN AC3

BR IF X@ IS BEFORE TBL
IF X@LOC IS IN TBL, GET
K TIMES A PLUS X@=XNLOC
IS XN LOCATION

OUTSIDE THE TABLE

NO. PICK UP X@ LOC

GO TO INTERPOLATE

YES. GET K

TIMES A

MAKE MINUS

LD TARIE YN 1 TN CET

INTP®Y
INTPO2
INTPO3
INTPOL
INTP@S
INTPO6
INTP@7
INTPOS
INTPO9
INTP10Q
INTPYI
INTP12
INTP13
INTP1L
INTP15
INTP16
INTP17
INTP18
INTP19
INTP20
INTP21
INTP22
INTP23
INTP24L
INTP25
INTP26
INTP27
INTP28
INTP29
INTP3Q
INTP31
INTP32
INTP33
INTP3L
INTP35
INTP36
INTP37
INTP38

INTD : &

lolulalo;
luleleli
ulslololy
uloluloly)
20008
goeoe
20000
ululofoly)
ulolololo)
00000
pa/so
loluludo
ululalul)
00000
0000
uladology;
Lol
P00
oldognly
20000
28000
poead
20909
20000
20000
20000
00002
lulolofy)
20008
0000
ulufulolo)
0000
ululololy)
00008
28090
20000
00000
20000

MAAAMA
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ZA2
STD2
A2
STD2
ZA2
A2
A2
5TD2
STD2
STD2
STD2
XL
XZA
ZA1
FS
ZST1
ZA1
ZST1
XA
BiX
ZA3
S3
XL
XZA
ZA1
FS
ZST1
ZA1
FM
ZST1
ZA1
FM
FS
FD
ZST1
BIX
XZA
BiX
XLIN
ZST1

XA

R oV
CCOM(2,5)+1
*(6,9)+12
CCOM(2,3)+4L
*(6,9)+13
*(6,9)-2
9993

*(@)
*(6,9)+10
*(6,9)+20
*(6,9)+22
*(6,9)+24
 ITWA,9993

I 1WB,9?

P+1 1WB

CCOM
CCOM+5+1 IWA
g+ 11W3
2+ 1 I WA

I IWB, 0+X98
I IWA, *=6
CCOM(L,5)+4L
*(0)+3

1 1WB,9993

| IWA, 1
CCOM+5+ 1 IWA
CCOM+5+1| |WB
CCOM+2
CCOM+5+1 1WB
O+1 IWA
CCOM+3
CCOM+G+1 IWA
@+11wB
CCOM+3
CCOM+2

B+1 1WA
FIWA,*~11

I IWA, 2+1 1WB
| 1WB,*<-13

I IWA, CCOM+4
P+1 I WA
2+RETURN
RETURN, 1
*~71

Ay UL LU TU EAXATRAVLIE
GET TBL X®.GO TO EXTRPL
STORE X LOC

ADD NUMBER OF FUNCTION
STORE Y® LOC

CCOM+4

PLUS ¥

PLUS 2 IS FIRST CCOM
USED TO STORE Y
VALUES.

INSERT THIS LOC IN
INSTRUCT I ONS

SET 1'IWA = 0,K

SET |IWE = @

GET Xl

MINUS X AND SAVE IN
C+5 THRU C+5+K

GET YI AND SAVE IN
C+6+K THRU C+6+2K
INCRMT [IWB BY A

LOOP K+1 TIMES

GET K-1
SET IIWB = @,K=1
SET IIWA = 1,K

Do

AITKEN

INTERPOLAT I ON

GET STORE ADDRS IN [WA
STORE INTP VALUE

SW IS BR OR NOP

IF OFF, UP RETURN. GO
TO PROCESS NEXT DRDW

INITP4Y
INTP4T
INTPL2
INTPL3
INTPLL
INTPLS
INTPLE
INTPL7
INTPLS
INTPLI
INTP5Q

" INTPG1

INTP5?2
INTP53
INTPSL
INTP5S
INTP56
INTP57
INTPG8
INTP659
INTP6D
INTP61
INTP62
INTP63
INTPOL
INTP65
INTP66
INTP67
INTP68
INTP69
INTP70
INTP71
INTP72
INTP73
INTP74
INTP75
INTP76
INTP77
INTP78
INTP79
INTP8O
INTP81
INTPB2
INTPR?

LAYV
1938800
20000
ululully;
o000
ololfoly)
20008
20000
0909
00000
20000
ululololy;
0000
ulolighly
p0030
lnlolulo)
ululuols)
lulofolo;
ulufofolty
pa000
o0
00000
20000
20099
0000
po000
P0000
ululol]y)
00000
00000
20000
ululofolty
20000
20000
00000
0epop
00000
00000
gl
go00d
00000
2000
0peo
AAAAA
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INPUT DATA

CARD 1 (must be present)
CoL. 1 Type of Equivalent Test
a. Enter "1" for Sine Sweep
b. Enter "2" for Sine Dwell

c. Enter "3" for Random

coL. 2 Number of Use Sine Sweep Tests (maximum of 9)
coL. 3 Number of Use Sine Dwell Tests (maximum of 9)
coL. 4 Number of Use Random Tests (maximum of 9)

CARD 2 (must be present)
COL. 1-10  Q; Lowest Q (floating point number)
COL. 11-20 0, Highest Q (floating point number)
CoL. 21-30 Q Step Size (floating point number)
CARD 3 (must be present)
coL. 1-10 Fle Lowest frequency of Equivalent Test (floating point nuﬁber)
coL. 11-20 Foo Highest frequency of Equivalent Test (floating point number)
COL. 21-30 N Number of Points Defining Equivalent Test (maximum of 500) (FPN)
CARD 4 (must be present)
| coL. 1-10 B Fatigue Curve Slope On Log Log Piot (FPN)

COL. 11-20 T, Equivalent Test Time in Sec. (FPN)

E
CARD 5 Optional - Only Required For Use Sine Sweep Tests
coL. 1-2 Twice the number of cards defining us Sine Sweep Spectrum (cards 5A).
This number must be right justified. Maximum number of cards is 49.
CoL. 3-12 T; Time for ith Use Sine Sweep Test in Secondary (FPN)
COL. 13-22  F1; Lowest frequency for above test (FPN)

COL. 23-32 F2, Highest frequency for above test (FPN)
i
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CARDS 5A Optional - Only required for Use Sine Sweep Test.
coL 1-10 Ai Shaker amplitude in peak G's (FPN)
coL 11-20 f; Shaker frequency for A, (FPN)
COMMENTS! Cards 5A are used to define a curve. A first order interpolation and
extrapolation is used with this curve. The program can easily be changed

to give up to 99th order interpolation and extrapolation.

‘ For each Use Sine Sweep test there will be a Card 5 and Cards 5A that will

follow.
CARD 6 Optional - Only required for Use Sine Dwell Tests
coL 1-2 The number of Cards defining use Sine Dwell Spectrum (Cards 6A).
This number must be right justified. Maximum number of Cards
is 49,
coL 3-12 Ti Time for ith Use Sine Dwell Test in Seconds (FPN)
CARDS 6A Optional - Only required for Use Side Dwell Test
coL 1-10 A; Shaker amplitude in peak G's (FPN)
- COL 11-20 f; Shaker frequency for above test (FPN)
COMMENTS! For each Use Sine Dwell Test there will be a Card 6 and Cards 6A that will

follow.
CARD 7 Optional - Only required for Use Random Test
. coL 1-2 Twice the number of Cards defining use Random Spectrum (Carcs 7A).
This number must be right justified. Maximum number of Cards is 49.
coL 3-1z Ti Time for ith Use Randow Test in Seconds (FPN)
CARDS 7A Optional - Only required for Use Random Test
©CoL 1-10 W, Shaker amplitude in 62/cps (FPN)
coL 11-20 fi Shaker frequency for wi
éOMMENTS: A1l comments for 5A apply here. For each random test there will be a card 7
and Cards 7A that will follow.
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APPENDIX D
TEST PROCEDURE

This appendix presents a discussion of the variables to be measured and

the development of adequate testing techniques. Various unsuccessful attempts

to instrument the tests revealed physical measurement problems, which once

identified, may be avoided.

The objective of the test procedure was to establish the test sequence

and measurement techniques to be employed in gathering of data in alignment

with project objectives.

The test procedure consists of a twelve-step sequence which was used on

the final set of multibeam tests:

1.

Mount accelerometers on the table for input control, and on the tip

of the specimen beam. Calibrate the accelerometers against a known
standard at 300 cps.

Apply a thin coating of silicone grease to the specimen beam root

area and mount on the vibration fixture. Using an ohm meter, check

to assure that the specimens are insulated from the test fixture.

The specimen must be positioned such as to achieve p}oper spacing
between the beam tip and the sensiné capacitor.

Determine undamped beam resonance frequency by supplying sinusoidal
input to the specimen. Input 1eve].sha11 be adjusted to yield 100 g's

output as measured by the beam tip accelerometer.



Position rubber columns on the beams and secure by use of an adhesive.

The beam tip static deflection shall be measured before and after

installing rubber columns. The columns shall be allowed to relax for

several hours prior to measurement.

Trim the columns as each beam is calibrated again. When the Q is within

2 of being 20 the low level calibration is ended.

Based on the type of test to be run, and the pre-test characteristics of

the beams, an estimate of damage due to the correlation test shall be

made. It is attempted to get at least .3 damage on all beams. If needed,
the rubber columns are trimmed further or completely replaced to meet this
minimum damage level. :

Start the test and monitor the resonant frequency and acceleration for

each type of test in the following manner:

7.1 Sine Dwell: Acceleration is measured by voltmeter reading of
capacity transducer. Resonance is read from frequency meter
connected to shaker oscillator. The specimen is peaked to
resonance.

7.2 Sine Sweep: Peak acceleration is measured by peak voltmeter
reading of capacity transducer. Value of Q and resonance
frequency is determined from oscillographic trace.

7.3 Random: RMS acceleration is measured by damped TRMS voltmeter reading
of capacity transducer output.. Value of Q and t,, is determined
by spectral analysis of 20 sec. tape loop.

After the first readings, a second damage calculation shall be made and

the time duration of the correlation test is altered if needed. 1If a

change in time duration is not pragtical then a change in level must be

made.



9. Readings of acceleration and frequency shall be repeated during the
correlation test along with visual inspection of the specimens.

10. At the finish of the correlation test, the static deflection of the
specimen must be measured before and after removal of the rubber
columns.

11. The calibration shall be checked and, one at a time, the beams are
run out to failure with sine dwell input.

12. The calibration is checked at the end of the test along with the

accelerometer calibration.

As described in Appendix E, the test specimens were cantilever beams of
fixed dimension and end mass.

The failure criteria was defined as being the cycle ratio to produce macro
cracks of sufficient size to shift the specimen resonance frequency 0.5%. The
definition of failure criteria is based on previous work at col1ins(3) Radio
Company and knowledge that fatigue cracks of sufficient magnitude to cause
greater shifts in resonance frequency result in no predictible relationship
between stresses and test input levels.

An inspection device was desired which would sense the crack without
interrupting the test. It was decided to try an eddy current detector.
fhe theory of operation is that the mutual inductance between two inductors,
in this case we used an induction coil in close proximity to the beam root
and the aluminum of the beam in the beam root area as indicators, is changed

by crack formation in the root of the beam. A series of tests with progressively



more efficient coils indicated that this could have been developed into
something workable but at the stage at which work was abandoned, the
sensitivity was marginal and the amount of instrumentation needed for a
ﬁu]tibeam test would have been prohibitive.

A parallel effort was the attempt to make a truly viscous damper. The
first type of damper (Figure D-1) considered was based on the fact that a
force proportional and opposite to the beam tip velocity results from the
interaction of the DC magnetic field and the induced eddy current field.
The damper was successful with no end mass but gave insufficient damping
on the actual test specimen.

The next two attempts at a viscous damper used oil dash pots in which
a small paddle blade was attached to the end mass of the beam and moved 1h
a small slot filled with oil. The damper (figure[)fZ) would not maintain a
constant Q at high g level due to oil splatter. The damper (figure D-3)
gave a deteriorating wave shape due to pivot wear.

A number of viscoelastic materials were tried prior to obtaining a
workable damper. Shear plates were put on top and bottom surfaces of
the beam; a commercial viscoelastic sheet material was glued to top and
bottom surfaces; strips of nylon or high damping rubber were clamped from
Ease to beam tip, but none of these would last for the duration of the test
gt high g levels or the Q and f, were very dependent upon input level. The
final damper was in the form of two 1" x 1/2" x 1/2" columns of soft silicone
rubber as shown in figure (D-4), The silicone rubber columns were glued to the
beam tip and the fixture and top support. Problems which were encountered

with this type of damper are listed here:



o

Relaxation of the rubber column caused the Q to drift from the initial
setting. |

The dynamic modulus was not greatly changed by the amount of compression
of the columns. The amount of compression was limited by the tendency
of the column to buckle. It was necessary later to make columns with
oversized areas and compress them to get a Q of about 15. Then the
column was trimmed with a knife to get a Q of 20. |

The Q's were set at a low input to minimize damage to the specimens.
When high levels were applied, the Q was observed to change.
Contributing factors included:

3.1 Buckling of the columns at high g Tevels.

3.2 Partial failure of the adhesive points.

3.3 Heating of the columns due to increased energy dissipation
at higher g levels.

3.4 Differencies between the top and bottom mount resulted in
differences in the dynamic strain.

The static compression of the columns varied if one column had a smaller
cross sectional area or its hardness was greater than the other column.
This resulted in a case of combined static and dynamic stresses. It was
necessary to measure the static position of the rubber to determine how

much static prestress each beam was experiencing.



Althrough the viscoelastic columns presented problems, they were better
than any the other dampers tested due to the following characteristics:
1. The viscoelastic material did not fatigue or deteriorate during high
Tevel tests. Once the damper temperature had stabilized and any
unbonding of the columns had occurred, the characteristics remained
. nearly constant throughout the .test.
2. The amplitude linearity of the specimen with this damper was better
than for any previous damper.
3. The change in frequency due to changes in input level were small.
An effect occurred at this phase which changed the procedure significantly.
It was observed that on long duration fatigue tests which were interrupted over
night that the fatigue life was lengthened. After this effect was noticed
?epeated1y, a series of checks were conducted to determine if this observation -
was valid. These checks were for:
1) possible calibration drift,
2) frequency variation due to 20°F temperature variation in shaker room,
3) biased readings due to different operators and,

4) healing of fatigue damage in fatigue tests having long interruptions.

Some random calibration drift was discovered in the amplifier which was the
éar]y FM unit. This drift led to some additional scatter in results but did not
account for the observed increase in 1ife for the interrupted tests. The test
procedure was rewritten to include additional calibration checks in order to

minimize possible scatter.

i



The temperature induced variation in the natural frequency due to a 30°F
change was found to be 0.05% with the variation being completely reversible
upon return to initial temperature. This accounted for a small part of the
observed variation in the resonant frequency. A small amount of the variation
is also attributable to operator characteristics.

During this time more tests were performed to determine quantitatively
how significant the healing effect was. Time and sample limitations prevented
a thorough test of this effect but it was determined that at least several
hours were required to notice a singificant degree of healing. In addition,
~ the earlier in the test the interruption occurred, the more pronounced was
the healing. In general this is in disagreement with the results of similar
gtudies.(]o)

Due to the healing effect, the last procedure was modified. A1l beams were
to be vibrated simultaneously to a flat random input in the run-out-to-failure
portion of the test. Small tuning masses were added to the beams so that
variation in beams resonances was less than 0.1 cps. The failure check was made
with a 5 cps bandwidth filter set slightly above the original resonance. When !
éhe resonance fell below the lower frequency range of the filter, no response
was noticed and a sinusoidal frequency check was made.

The original procedure was impractical due to the interaction of the beams
with the shaker table. Since the beams\had an undamped Q of slightly less than

‘

2000, a sharp notch in the shaker spectrum resulted at the specimen resonance
in conjunction with an equally high spike about a hundredth of a cps above the
notch. As one beam would fail, its resonance would drop and it would move out

of the large notch caused by the other beams causing accelerated failure. The



other beams would occupy a shallower notch due to the absence of the one
failing béam which would also accelerate their failure. This interaction
caused all the beams to fail at once. Three times, a multiple beam test
displayed this effect and therefore this form of run-out-to-failure test
was abandoned.

The final impact on the test procedure of the healing effect and the
interaction during multiple tests was that a sine dwell run-out-to-failure
had to be performed on the beams one at a time with a minimum de]aybéftér
the correlation test. The overall number of specimens in one multibeam
test was reduced from 10 to 6. This resulted in a shorter average inter-
ruption between the correlation portion and run-outeto-failure portion.

During the summer the humidity of the laboratory increased to the point
where it was felt that some change in fatigue life might occur. Therefore
the last two sets of beams were coated with Dow Corning DC-11 silicone
grease in the root area. This was to prevent moist air from getting into
the fatigue crack, but since it kept air from the root, additional effects
resulted. It was first determined that the grease increased the fatigue
life by a significant amount and then it was observed that the increase was
probably dependent upon the thickness of the grease coating. The most
fepeatab]e way of applying a nearly uniform thickness of grease was by squeezing
the excess grease away with one's finger. This was done for all beams of the
last set tested by one technician so that some uniformity existed. Although
the grease was very viscous, the vibration levels were high enough to cause

the grease on the top surface to puddle in the horizontal portion of the beam



root run out. On the bottom surface, the puddling caused an excess of grease
to collect on the vertical pertain of the beam root run out. Despite this
unsymmetrical coating, no preferential surface for crack initiation was

noticed.
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APPENDIX E

MEASUREMENT TECHNIQUES

The importance of accurate amplitude measurement can be gained by observing
that a +3% error in a stress measurement on a material with a b = 7.8 will
result in a +26% change in mean life. If this measurement error is a random
error, then the inherent fatigue life scatter will be superimposed on this measure-
ment scatter to produce an even larger scatter of specimen lives. It is estimated
that the one sigma error in stress measurement for this project was about +3.5%.

Two ways of measuring beam root stress were considered. The most direct
means was to strain gage the point of highest stress and monitor it during the
test. This was found to be impractical. The gages which were small enough to
fit in the region of high stress failed due to:

(1) Fatique of the lead in wires at the junction of the gage.

(2) Failure of the bond between the gage and the beam.

(3) Fatigue of the foil gages.

The mean 1ife of the gages tested were so much shorter due to the above
failures that that approach was abandoned. A more indirect means of measuring
stress is involved in the second approach. Based on the assumption that the
beam deflection curve is the same in the immediate region of resonance, the ratio
of beam tip defiéction to beam root stress should be a constant. This approach
1slimplied in the analysis in that the single degree of freedom model has a
constant stress deflection ratio. Strain gaged specimens were vibrated with the
tip motion measured by an accelerometer and the assumption of a constant ratio
was found to be true. ‘

The first attempt to monitor tip motion was with an accelerometer. The
problems which occurred with this approach were:

(1) Excessive connector and cable failure at tip motions of 400 to 600 g's.



(2z) The length of cable was critical in determining beam resonance in the
undamped state.

(3) The problem of switching all the monitoring accelerometers to one amplifier.

The second attempt to measure tip motion was by the use of a capacity transducer.
The sensing capacitor consisted of one side of the end mass of the beam tip
sepérated by an air gap from the other plate of the capacitor which was mounted to
the fixture by an isolator post. The fixture side of the capacitor was of the same
size as the side of the end mass of the beam tip. Leads from the two surfaces to a
circuit at the amplifier input were insulated and shielded. The size of the sensing
capacitor was about 1/3 wuf. During vibration, the change of capactance was about
1/10 uuf for high g levels. |

C=¢€ A/d where C is capacitance, A is plate area, d is the plate

separation and € is a constant. The change in A (side of the beam end mass) is
proportional to the change in capactance. If A is rectangular, dc/dt = V where
V is the relative velocity of the beam tip with respect to the fixture plate. For
small deflections the tip motion of the beam is nearly vertical and the change in
capacitance is proportional to the total displacement of the beam tip. At large
displacements, the beam tip moves thru a nearly circular arc so that the total
acceleration at the extreme swing of the beam has a horizontal and vertical component
of motion. The change in relative area of the two plates is not proportional to
acceleration of the beam tip for large displacements with the output of the capacity
probe reading less at large deflections than an accelerometer located on the beam '
tip.

Another distortion which is likely to occur with this type of capacity probe is
a frequency doubling effect. When the plates of the sensing capacitor are mutually
centered at the rest position, two cycles of capacity change occur for one cycle of

mechanical motion. By offsetting the plates of the sensing capacitor somewhat more



than the maximum expected displacement of the beam tip, one cycle of capacity
change results from one cycle of mechanical motion. The offset reduces the
sensitivity of the transducer to about 60% of that in its centered position.

The most severe type of distortion resulted from non:parallel motion of the
two plates of the sensing capacitor. It was prohibitively difficult to align
every beam so no variation of gap width occurred during a cycle of motion. It
can be shown that the error component of the signal due to changes in the gap
distance results in harmonic distortion. This distortion can be eliminated by
filtering out the harmonics with a low pass filter but the frequency response
is adversely effected by the filter response. An electronic automatic tracking
bandpass filter with a very flat peak was the best means of removing the harmonic
distortion but this was unavailable to the project. The harmonic distortion was
reduced to negligible levels by increasing the sensing capacitor gap. The
amplitude of the error components of the signal are inversely proportional to
the square of the gap dimensfon while the signal level due to parallel motion is
inversely proportional to the gap dimension. The error can then be reduced by in-
creasing the gap size. Not only does this reduce the signal level but it increases
the fringing effect of the electrostatic field at the edge of the capacitor.

The capacity variations due to changes in the dielectric constant of the air'
is‘negliqible since the variation in dielectric constant between air, water vapor
and a vacuum are neqligibly small.

| Although the output of the capacity transducer is proportional to the
relative displacement which the two plates of the sensing capacitor experience,
it is also nearly proportional to the absolute acceleration of the beam end mass.

This is most easily shown by the quations of motion of the beam end mass.



my +c(g=%)+ K(y-%) =0
§ = - £ (g-0-K(4-%) o

In the case of the undamped beams,CﬁOlhit‘and can be neglected.
o 2 )
V= Wl (y-x) E-2

The constant of proportionality is the square of the resonance in radians,
but it is also evident that the equation is not frequency sensitive. The
relative displacement of beam tip is proportional to the acceleration for all
frequencies. Since this is a result of assuming a single degree of freedom, the
actual specimen might not be a good accelerometer. A test was constructed in which
the output of an accelerometer on the beam tip was monitored simultaneously with
the capacity transducer. This was a sinusoidal sweep test. From 100 cps to
800 cps the undamped beam's rélative displacement was proportional to acceleration.
Above 800 cps it is considered that the beam began to bend in its second mode
shape. In the case of the damped beam with a 0 of 20, the effect of the damping
can be estimated. The coefficient c¢/m is identical to ‘f;qs. The value of
(y - X)

displacement value by W/2. This can be represented by letting (J - ’.‘)max = - 1'11.)(y-->()max

i - i ity value 1 h im
max 1S o (y x)max but the maximum velocity value lags the maximum

Equation E-1 now becomes:

Y= '.‘28.% (y-x) - wa (y-%)

E-3
For: the case at resonance, the value of wis W~ and E-3 becomes:

, 2

y= w-,.(g-x.)( yQ-' l) E-4

The absolute magnitude of the acceleration is:



l\gl =u§(‘~j'7‘) I +sz | E-5

It can be seen that as Q becomes large (Q »10) the damping error is negligible.
The damping term was calculated from equation E-3 for a range of W's. The
damping error is insign{ficant for the range of frequencies and range of Q's
used in this project. The result of this analysis is that the capacity
transducer measures acceleration of the beam,and that once a calibration has
been made at one frequency, it is good for all frequencies and Q's used in
this project.

The calibration was performed by using equation E-2. An accelerometer
was fixed to the beam tip and vibrated. The resonance was found while the
input of the table was kept at a fixed low level. The oﬁtput of the tip
mounted accelerometer was measured along with the voltage output of capacity
transducer. The accelerometer was next removed and the beam vibrated with
a given table input. The resonance was measured and the output of the capacity
transducer was measured at reasonance. Equation E-2 can be written twice, one
equation with all terms describing the calibration run with the accelerometer
on the beam tip and having a subscript of 1 on all terms. The second equation
will have all terms defined except for V which can then be solved. All terms

in the test run with no accelerometer on the tip will have a subscript of 2.
o 2
Y= Wny, (y-), | E-6a

‘31 = ws‘»’- ('d“")z
E-6b



The approximation has been made that '\/: + ;k:? =1

The value of"j2 can be found then.

gz-. 3.(%)2 H:‘X)z‘ E-7

Relative displacement (y - x)2 is proportional to the capacity transducer output
with no accelerometer and (y - x)] is proportional to the capacity transducer
with accelerometer. If the amplifier has a flat frequency response in the beam
resonance region (f,1€ fé fﬁz), the proportionality constant is the same for
both cases and (y - x) can be replaced by Vc; the voltage output of the capacity
transducer.

This calibration was checked at low levels against a strain gage output
which measured the root stress. It also checked the assumption that tip motion was
directly proportional to root stress. The result was that the strain measurements
agreed to within 2% of that predicted by the calibration procedure just described.

The amplifier used in the capacity transducer was the major problem of the
prcject. The requirements for the amplifier are that the sensitivity had to be
in the range of 100 volts per peco farad with a flat frequency response (+1% from
200 cps to 500 cps) and with a good amount of stability with respect to line
voitage fluctuations, temperature changes and long duration drift. In addition
itfcou]d not be microphonic.

The first amplifier was a commercial FM tuner with high quality components
and several extra audio stages to get the required sensitivity. It was abandoned
for the following reasons:

(1) Critical tuning procedure

(2) Microphonic components in the amplifier and cabling which produced

capacity changes under high Q loading -



A second FM tuner was built in an attempt to get greater gain and better
performance. It did not function satisfactorially and was abandoned. A third
amplifier was built on the principle of a capacity microphone. It exhibited some
of the faults of the FM tuner but its greatest failing was insufficient gain.

The system which was finally used is considered to be a new application for
the charge amplifier. A diagram is presented to show the function of the final

capacity transducer.

swgg‘CH
0%9%0
° BIAS ZENER CHARGE
ox FUSE AMPL?&ER
[\ Rf° i - |
o ) *%
Ficure E-I

The beam has to be insulated from the fixture as does the fixed capacitor
plate. Failure to do this results in eddy currents generated by the shaker magnetic
field changing the assumed ground voltage at the beam. The switch box is operated
from the console but is located at a convenient distance from the shaker. The
most important portion of the circuit is the bias box which contains a 1000 MfL
bias resistor with 200 volt DC source. Because of the low drain, one set of
three 66 volt dry cell batteries lasted thru the test program. The coupling
capacitor is a .02 uf capacitor with a 250 volt DC bias. The value of the
resistor is more critical than the other components. It is important to keep
the resistor enclosed and clean to prevent surface conduction. The DC voltage
is near the upper limit for discharge across the air gap of the capacitor. The
se;sitivity is proportional to the voltage bias. The coupling capacitor prevents

the DC voltage from reachihg the input transistor of the charge amplifier. The

zener: fuse prevents large voitage spikes from damaging the input transistor.



In handling the specimen it is possible to accidently short the sensing capacitor
with ones hand. The large bias resistor Vimits curreht to about .2 u amps which
will not result in injury to the operator; but a 200 volt drop occurs on the
high voltage side of the coupling capacitor. The resulting -200volts on the negative
side of the coupling capacitor is enough to fail the input transistor. The zener
fuse is made up of 1.3 volt triggpr level zeners in two parallel shunts each
consisting of two back to back or front to front zeners. In operation a -10 volt
spike appears on the input to the charge amplifier when the sensing capacitor is
shor;ted out. The reason for two parallel fuses is reliability in the event of the
faiiure of one of the zeners. The trigger level of 1.3 volts is sufficiently
higher than any expected signal level and the impedance is linear in the range
of +1.3 voits.

An alternate bias box was built which made it possible to use the charge
amplifier as a dynamic strain measuring device. This was developed when it was
found that strain gages could be mounted higher on the root radius and last for
the duration of a test. This became feasible when measurements showed that the
stress at the top of the radius, although much less, was proportional to the
stress at the highest stress po{nt in the beam root. Development was dropped
when the capacity transducer was successful but this strain measuring device
had' the following advantages:

(1) It did not require a bridge balancing circuit

(2) It did not have zero drift problems associated with DC amplifiers.

(3) It was very sensifive. Strains as low as a few micro inches were

measured.

(4) It could be used with simple switching circuitry so that many strain

gages could be sequentially monitored on one charge amplifier.

The circuit is shown in Fig. E 2 and the values of the circuit component are:



(1)
(2)
(3)

. where G.F

Bias resistor is same value as strain gage
Bias voltage is twice the recommended voltage for the strain gage.
Once the amount of charge per strain ratio is decided, the value of

G, the coupling capacitor is determined by the equation:

i @)

. is strain gage factor and E_, is the bias voltage.

The transducer amplifier had the following advantages over the earlier type:

(1)

(2)

(3)

The lead length can be made as long as is necessary. Usually the

charge amplifier is located in the shaker console, theréfbre avoiding
the problem of microphonic distortion.

The charge amplifier is basically a high gain amplifier and therefore
has the desired sensitivity without having to add more stages.

It is more stable with respect to temperatur changes, line voltage
regulation and long term drift than the FM tuner. The instrumentation
failure in the field vibration test is the only one of that system known
to have occurred. Some drift .in gain usually occurs for about 2 hours

after turning on the amplifier.

The frequency measurements are more straight forward than the amplitude

counter.

measurements. For sine dwell tests the oscillator output is fed to a frequency

That counter is checked against a second counter to check for any

differences in measurement. [f any difference exists, then both counters are

checked against a frequency standard at'100,000 cps. For sinusoidal sweep tests

the procedure for measuring resonance is:

(1)

Make frequency marks on the oscillographic traces corresponding to

markings on the oscillator frequency dial. This is a manual procedure
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where the operator presses a margin marker button as a frequency mark
on the oscillator dial passes a pointer. This is done for sweeps up
and down in frequency.

(2) The true frequency corresponding to the oscillator dial marking is
measured with a frequency counter. The resonant frequency from each
oscillographic trace is estimated by interpolation from the corrected
frequency markings.

(3) The average of all measured resonances fof one specihen is taken to
compensate for statistical error.

The scatter depends on operator skill. Most of the tests on this project

had a 2 to 3 cps scatter. |

In the random test,the resonance is méasured from the spectral analysis of a

tape loop specimen. The resonant frequency check here is most 1ikely to have a
greater error due to the following reasons:

(1) Tape loop may stretch

(2) Tape speed may vary. The loop is recorded on one machine and replayed
on another.

(3) Due to the short sample t%me and the reliance on making measurements
from one samb]e, the statistical mean frequency may vary from the true
mean (or resonant) frequency for the test.

The frequency marker on the spectral analyzer is checked at 60 cps and 1250 cps

prior to the aﬁalysis. |

The acceleration standard which was used to calibrate the system is checked

at the Endevco Corp. every six months. It is estimated that it could be out of
calibration by as much as +5% between checks. A secondary company standard is
calibrated just after the primary standard returns from calibration. Both have a
separate power supply and read out which combwise a system that is not altered

between calibrations. Periodic checks are made between the two standards and at



low frequencies with a microscope. TWo working accelerometers are calibrated at
300 cps using one of the compény‘standards. One accelerometer monitors table
level. The second, an Endevco 2221 accelerometer is calibrated and is used in turn
to calibrate the capacity transducer.
The output of the capacity transducer was measured on a true rms voltmeter.
It was not possible to keep one meter for this project due to check out and
calibration procedure within the company. One Ballentine 320A true rms meter was-
obtained for exclusive use of the vibration lab.- This was modified so that the
meter movement could be hiéh]y damped. The damping capacitors had a total shunt
capacity of .072 farad. This high capacity was necessary because of the Tow
resistance of the meter. The total time constant was on the order of 45 sec tb
1 minute. For random tests the time allowed for the meter to come to equilibrium
was 2 minutes. Usually no reading was made until the meter began to fluctuate
about some mean voltage. The fluctuation over a several minute period vafied_
about +5%. The mean of the fluctuation Was estimated by eye over about a 30
second period after the end of the two minute equilibrium time. Repeated readings
were made throughout the random test to determine any change in Q.
The peak count measurements were made on a counter which was modified for
this project. The threshold level was set by this procedure:
A precision oscillator in parallel with the counter and a peak‘reading
meter was set to produce a sine signal of the same frequency and at a
~ peak level which was desired for the threshold. The first stage of
the counter was an amplifier. The gain was changed until the counter
began to register. The signal was then played into the counter and'
" the measurement made for that threshold. There was a reaction time
for this counter for which the signal duration had to exceed at a
given 1eve1 before a count would register. Therefore the oscillator

had to be set at approximately the same freguency as the signal to set

the threshold level.
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APPENDIX F

TEST SPECIMEN

This section briefly describes the specimen, the stress at the failure region
and its fatigue characteristics.

The specimen is shown in figure F-{ . It is machined from 6061T6 aluminum
cold rolled 1 1/2" thick plate. Each set of specimens Was aligned similarly with
respect to the grain and the same machinist machined each specimen of one set. A
speéia] endmill cutter was made for machining the beam root region and end run out
region. Successively lighter cuts were made until the dimensions were within
tolerance. This reduced the tendency of large residual surface stresses. To
5roduce a smooth surface in the failure region, the root was polished with a roUge
impregnated cloth fitted to a rotating mandrel. The final process was the degreasing
of the specimen after which each was stored in a plastic bag.

No post machining heat treatment was performed and this is one criticism of
the specimen. The machining and polishing undoubtedly induced surface stresses
but these were not relieved by annealing and further heat treatment. The grain
structure in the root region is characteristically enlogated in the 1ongitudina1
direction (figure F-2 ) so some recrystallization probably did occur due to
polishing. The temperature attained during polishing and degreasing was estimated
at less than 200°F which is too low for any annealing. Hardness tests were
performed as long as six months after fabrication with no change in hardness noted

(values were in the upper T-6 range with no difference noted between the root region

and the unpolished region). No excessive scatter was noted in the fatigue curves

so that it can be assumed that the effect on the fatigue Tife of the surface



treatment was fairly uniform over a set of specimens. The specimens were not
stored in 0il which is a standard fatigue test practice. No adverse effects
were noticed due to this type of storage. During testing the root region of the
last two sets of beams was coated with silicone grease to prevent moisture from
entering the crack. This coating reduced the air corrosion of the crack. It
was necessary to obtain S-N curves for the specimens of each set since the
variations inmachining and raw material could lead to poor repeatability of the
S-N curves.

The fatigue crack formed in the center of the root region of the beam. The
specimen is more a plate than beam and therefore the maximum stress at the center
higher than that at the edge of the beam. When it became necessary to add side
notches to the specimen, the stress gradient in the root region became very
dis‘orted. The notches were varied until the same crack configuration dccurred
as before the notches were added. A photo elastic study was made of the beam root
with notches and appears in figure F-3 . Although the highest stress occurs
close to the edge of the beam the gradient here is very high while the stress is
more uniform in the central region of the root region. It is believed that the
first cracks form at the high stress points and propagate inwardly to the central
portion of the beam. Outwardly propagating cracks are stopped by the steep
negative stress gradient.

In the specimens used in this project, the crack began to enlarge significantly
at about .6 to .8 total damage. It was assumed that the crack which resulted in
failure did not propagate individually but that many small cracks {which had the

highest density in the high stress region) linked together to form one large crack.
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Several micro graphs were taken of the failure region of a failed beam with no side
notches. In figure F-2 the cracks are shown at 140X after they have been etched
and plastically strained to open the cracks. The first picture shows a typical
fatigue crack changing direction at a grain boundry. The second picture shows a
hign density of cracks running parallel to the final failure crack (the specimen
was fractured manually after failing in a test). This was at the central portion
of the beam where the highest stresses occurred. The third picture shows two
smai]er cracks in the process of linking together about 1 mm from the final
failure crack. These micro graphs tend to confirm the hypothesis that the phases
of damage (intercrystal damage, micro crack, and macro crack) are separated to
some degree. If the first phase of damage does last for about .4 total damage
then the hypothesis that recovery due to rg]axation during an interruption seems
reasonable since no significant cracks have formed.

A different configuration of stress riser was tried which incorporated 1/8"
diameter hole drilled transversely at the center of the root. The stress gradient
around the hole was so great that a crack was started almost immediately. This
crack propagated very slowly. It was pre§umed that since the stress ahead of the
crack tip was low, no small cracks were preQent which would link with the large
crack. Therefore since the only mechanism of crack propagation was the stress
riser at the tip of the crack it propagatgd more slowly than in the normal beams.
This is an indirect additional verification that the final failure crack did

propagate by 1inking of smaller crakcs in the normal beams.
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APPENDIX G
ANALYSIS OF DATA

This section contains the data, the manner in which the data was reduced, some
of the reasons for the particular form of reduction and some conclusions based on
data reduction. Results of tésts involving the first capacity probe amplifier are
in general omitted because of its poor performance. The one exception is that data
from the sine dwell tests obtained with this amplifier is used but it is considered
valid for these reasons:

(1) These tests were conducted in May before the temperature drift became a
bad problem,

(2) The correlation tests are normally mu]tibeam‘tests, but since this test is
a resonant dwell test and each beam has a different resonance, a test must be run
for each beam separately. Therefore'the drift which would skew the results of
a multibeam test all in one direction would probably vary from one test to another
so that the overall effect of the drift for several tests is an increase in scatter.

For all multibeam tests it is necessary to take the data from each beam and
reduce this data separately to account for the different f, and Q of the individual
beams. The variations in fn and Q from beam to beam is great enough to cause a
range in damages of about 20 to 1 to occur in the specimens for one multibeam test.
If the data reduction is performed with consideration taken for these individual
differences, the range of values for predicted damage at actual failure becomes about
4 to 1. -

For cases where fp and Q changed during the test, some consideratioﬁ of
these changes were made in the calculations. If the changes in Q and fp were slight
(stress changes of less than 5%), then the average value was used. If the stress
changes were greater than 5% the test was broken into segments in‘which the stress

level changed less than 5%.




An important consideration which must be taken into account before any data
reduction can be made is the determination and calculation of an accurate
calibration. The data and calculation for one test are presented here. Due to
reasons innumerated in Appendix E, several repetitions of the pretest calibration
are necessary to obtain statistical confidence in the g-level to voltage sensitivity.
The amplifier used in the capacity probe transducer may occassionally be changed
or some overall wiring changes made so that the sensitivity of the transducer will change.
It is desirable to use data from all calibrations to get an estimate of the relative
sensitivities. The calibration procedure will be described and an example will
be presented. This example was chosen to be the calibration from the field vibration
test which failed to correlate with the predicted damage. ihis is presented to show
that instrumentation drift may have been responsible for thé lack of correlation.

Five repetitions of the calibration were made. Three were made on one day and two
were made the next. Changes were made after the first day which affected the
sensitivity. The sensitivities for each beam are presented in Fig. G-1, with

compensations made so that it is correct for the resonance of the specimen during

the test.
SENSITIVITY %Yakamgs_
BEAM Run 1 Run 2 Run 3 Run 4 Run 5
1 1.057 1.038 1.015 .908 .903
2 . 1.000 .990 .994 .908 .833
3 1.580 1.590 1.635 1.520 1.400
. .566 .577 .559 .544 511
5 1.230 1.250 1.221 1.140 1.008
6 981 _-960 =347 =899 ..-803
SUM 6.414 6.385 6.371 5.919 5.458

FIGURE G-1



From the presented data it can be seen that the calibration varied from beam
to beam within one calibration run. If one assumes that the fluctuations in the
sensitivity of one beam between calibration runs are of a random nature, then
the sum of all the sensitivities of one run should be very nearly equal to the
sum from another run. For the first three runs made on the day prior to the field
vibration test, the sums of the first three calibration runs do not vary by more
than .7%. It is concluded that practically no drift occurred in the amplifier
for that set of three calibration runs. On the day of the test, two calibration
runs were made (runs 4 and 5). It is apparent that the amplifier drift resulted
in an overall decrease in sensitivity which is noticeaB]e in the sums of runs
4 and 5. It was initially assumed that the 8% drop in the sum of run 5 from
the sum of run 4 was due to the stabilization of the amplifier gain since run 4
was made just after the amplifier had been turned on. Because of the Tack of
correlation in predicted damages, it is now considered probable that the change
in sum of runs 4 and 5 was due to amplifier drift which continued during the test
and did not stabilize after warm up. With respect to the field vibration, it
can be seen by the sums for each calibration run that if the amplifier continued
to drift in the same direction (lower sensitivity) that this is consistent with
the type of error which occurred in the damage accumulation for that test.

Usiné the original assumption that run 5 was stable, it is desired to correct
sensitivities for amplifier drift and to estimate the mean sensitivity for each beam.
The first step is to multiply every sensitivity of a given run by the ratio of

the sum of run 5 to the sum of that given run. This in effect corrects for the
amp]jfier drift. Then the only remaining step is to average each beam sensitivity

for all runs.



CALIBRATION RUN

BEAM Run 1 Run 2 Run 3 Run 4 Run 5 AVG.
1 .899 . .888 .869 .837 .903 .879
2 .851 o .847 .851 .837 - .833 .844
3 1.344 1.360 1.400 1.401 1.400 1.381
4 .481 477 .479 .501 511 .490
5 1.046 1.069 1.046 1.051 1.008 +1.044

6 _.835 _.821 811 _.829  _.803 .820

SUM 5.456 5.462 5.456 5.456 5.458 5.458

FIGURE G-2

The average sensitivity listed in the last column of Figure G-2 is used in the
reduétion of data. All the test data was reduced using sensitivities found in this
manner.

The equivalent test formulas were rederived in terms of damage with the tests
being indirect proofs of the formulas as given in the summary. The formula for the

run -out -to-failure portion of the test was the same for each test.

LA G-1

The test was conducted at the resonant frequency fn and the time t was that
required to lower the initial resonance 1/2%. The value of N was taken from an
S-N curve once the value of stress was determined. This was determined by the

equation:

C = K] (y-x)
where (y-x) is the relative motion of the beam tip. The capacity probe amplifier

gives a voltage proportional to the relative displacement, The derivation of the

\




formula used for data reduction to obtain stress is based on the assumption that

the specimen is a single degree of freedom model with negligible damping.

my + k (y=x) =0
(y-x) = - %
e G'2
¢ o= Ky (y-x) = - Ky Y
W2

The value of Ky is measured to be 3.82 x 10 psi per inch of tip deflection
for a beam with no side notches cut in the beam. The final equation used is:
0 =6.04y 105 **
f2
n

VI (3)
where ¥ is expressed in g's. It is apparent from the above derfvation that the
fa term results from the ratio of k and m and is not frequency dependent. The
stress which the specimen experiences duriﬁg run-out-to-failure should be compared
with the peak stress which occurs during the correlation portion of the test.
The stress should be higher during the final run-out-to-failure portion of the
test so that the predicted damage for this phase will be the same for the (C-D)
as for the (P-Mi hypothesis.

iThe equations used in the correlation phase of the tests are now presented.
They‘vary from the equations used in.the summary by containing terms related to

stress Tevels such as Cg and Nj . These equations are:

(1) Sine dwell - This damage equation is the same as for the run out to failure,
equation G-1. Equation G-3 is used to determine stress with K| being the same for
Q=20tas for Q=2000.

(2) Random - This damage équation is also equation G-1. The only difference is

that' the N in this equation is taken from a random S-N curve and not a sine S-N

**For the sine dwell test, the root geometry resulted in different stress riser
so constant was 5.72 instead of 6.04.



curve. Equation G-3 is used also to obtain the rms stress level. The value of
y used here must also be in rms measure. The frequency f,, may be obtained from
the response by counting zero crossings or from the spectral analysis.

(3) Log sine sweep. The form of the damége equation used in this section is:

D = ¢ F’n tss -
InfsAN.Q

where the derivation of Cb is described in Appendix C. An approximate equation

forcﬁ is:

G-4

.6
$= 1.89/9°45
G-5
In this study the (P-M)b term is 7.8 so thatqb= .50. The (C-D) d term is 4.9

so that qb = .67. The values of Q and f, during the test are taken from

oscillogranhic traces of the beam response. The resonant amplification was
taken as the maximum amplitude which occurred during one sweep. The shape of
the response curve was measured during the sine sweep from the oscillographic

trace and value of Q used in G-4 was obtained by the equation:

Q= fn G-6
whereAf was measured at .707 of the resonant response. The Q which appears
in G-4 is used as a measure of the response bandwidth and it is more appropriate

Lo define this Q by equation G-6 than by a resonant amplification since different

{i's are obtained by the two methods.



The (C-D) damage accumulation for Op preceded by 0; should be:

Dp=mp, = fptp
Ne N

e
The (P-M) damage prediction is:

Dy =z = fyt

N2 N2

G-7

6-8"

To convert the (P-M) damage to the (C-D} damage, equation G-8 must be multiplied

by N  to convert it to equation G-7. The factor No

Ne

N, 6P
d

N|07b=
lefud = Ne o,

0, = 0, _-1)%’
N,

5 (1"

Ne = N(_NN,)%

N ()%

'(9;_.
o,

is derived in this manner:

G-9



For the particular case,sinusoidal vibration with a specimen having a constant

Q equation G-9 becomes:

N2 _ [0, b°d__ AI.IIH(w')

Ne ] Gz Al,ZlH(w?.)‘ /

‘\ b-d

G-10
The first subscript denotes frequencyy The second subscript.on A denotes test.
When uﬁ ==a%, as would occur in a two level resonant sine dwell test or a sine
sweep test,.(lo) reduces to:
Ne _ (}éi,)lrﬂi
Ne \A. @11

where the subscript denotes test. Ay precedes Ay and Aj ? Ay . In the case

of random vibration where the input is described in terms of spectral density,

G-11 becomes: %ﬂ
Nz = <ﬂl) G-~12

e wz

In the case of the test specimens for this project, the nonlinearities in
Q prévent the use of G-10, G-11 or G-12 in data analysis but they can be
used when alinear system is assumed and corrections are wanted to convert {P-M)
damage to (C-D) damage. Equation "G-9 is used to obtain (C-D) damage in
vibration test.

.The presentation of data.yill be in tabular form. A1l raw data will be
presented except for the time to failure in the run-out-to-failure portion of
the test. Several checks of resonant frequency are made before the resonance
drops 1.55 cps which is the failure criteria. Interpolation or extrapolation
must be used in most cases to find the exact time t required to drop the
resonance this amount. The rate of change of resonance in the last stages

of féilure is so high that a slight increase in time duration will result in



a 1ar§e change in resonance. The time to failure in the table is the calculated

time to failure and an example case is shown iin:Figures G-4 and G-5.

ﬁa&@
N
G 39
N 2.0 -
1.5
{.O 4
o
0

.fﬂlf!]!)>12(>(ﬁfiii’

(1) Sine Dwell

Beam

S bW N —

m

340.4
332.0
327.0
335.0

330.0

%, ta
TIME FAILURE
Figure G-4 TIME
[) - Eﬁl-t} + {;ﬂljhl
oAl N, Ng.

ty AN fn2 t2 Ay Ny Dy D, DrotaL
327.5cps 3x103sec 460g 6.1x10% 311.6cps 8.05x103sec 460g 2.9x108 .1607 .8650 1.0257
7.2x103 460 10.5x10° 316.6  8.10x10% 454 3.5x10% .2333 .7040 .9373
7.2x103 460 7.6x106 317.5  3.40x103 550 .94x10% .3145 1.14701.4615
7.2x103 437 7.3x106 313.1  7.92x103 437 3.4x10% .3225 .7290 1.1515
7.2x10° 460 8.2x106 316.5  4.80x10° 460 3.2x10° .2940 .4750 .739
7.2x103 460 6.6x106 315.4  4.32x103 460 3.4x10% .3600 .4010 .76l
' SUM: 6.076
ARITHMETIC AVG: 1.013
WEIBULL MEAN:  1.028

Figure G-5
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Conments on Figure G-5 are mentioned here:
1. The correlation portion of beam 1's test was run for only 3000 seconds because
.he duration was based on Q's and fn's measured at low inputs which shifted when
the Tevel was raised. Test level characteristics were lower, therefore the rest
of the specimens were run for longer times.
2. Specimen 4 in the correlation portion and 2, 3,k4 in the run-out-tn-failure
portion were run at different levels than the majority of the specimens due to
faulty accelerometer calibration which was noticed during a post-test check.
3. The characteristics of Specimen 2 varied during the test. The resonance shifted
from 342.4 cps to 339.4 cps during the test due to changes in the damper. The
averége i (340.4 cps) during the test was used.
4. The greatest variation in predicted to actuai damage occurred in Specimen 3
which also had the greatest variation is stress level between correlation and
run-out-to-failure portions of the test. Other experimenters have recorded
greater than the linearly predicted damage for increasing stress levels.
5. The fatigue curve used on these specimens is different from that curve used
on later sets of specimens. Each set of specimens had slightly different fatigue
properties. The fatigue curve for the set of beams used on this test is defined
by the equation:
| No-6'39 = 4.81 x 103
6. 'The most significant result of this test with respect to the test procedure is

that good prediction is possible on a two part interrupted test.




- 7. An additional measure of correlation is presented in which only the actual
damage which occurs during the correlation portion of the test is compared with
the predicted damage for the correlation portion of the test. The actual damage
for the correlation protion is defined as ]'D(RUN-OUT)' The arithmetic average
of the ratio of the actual damage to the predicted is then taken as a measure of

correlation. See figure G-6.

BEAM ACTUAL DAMAGE PREDICTED DAMAGE Da/Dp
1 N .1350 .1607 | .840

2 .2960 .2333 - 1.269

3 -.1470 .3145 -.467

4 .2710 .3225 .840

5 .5250 L2940 1.786

5 | .5990 .3600- 1.663
Figure G-6 AVG: .989

The reason for choosing the ratio to be DA//D‘,instead ofDP/DAis that the
statistical variation in the run-out-to-failure portion of the test will result
in some aétua] damages being zero or less than zero. When the actual damage is
very s;naH, the ratio D%)A becomes very large and is unrealistic. Since Dp
always is a positive finite number, the ratio 541ﬁs a more meaningful number.
Another test to use on the validity of the correlation damage is to compare the

sum of the actual damage to the predicted damage. In the case of the sine dwell

test Z D}/DP = .99,

11
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(2) Random Test Drwomis %"‘? + €1ﬁh
Beam  fy t A Nig *. .
1 326.5cps 5.4x103sec 199grms 7.1x10° 314.7cps 6.
2 323.1 5.4x103 207  4.35x10% 308.8 1
3 328.5 5.4x10° 199 8.2x10% 313.1 3
4 331.5 2.43x10° 254  1.45x10% 314.3 1
5 3349 2.24x10% 278 .82x10° 313.8
6 328.4 2.43x103 221 3.5x10% 3143 1
7 330.7  3.49x10° 227 - 3.0x10% 3141 s
8 331.5 3.49x103 201  8.5x10° 314.6 3
9 339.6 2.2x10% - 288  .8x10% 313.9
10 331.8  ,1.8x103 257  ,1.3x108 3135
.76x10° - Y278 &.8x10
11 330.5 3.49x103 253  1.35x106 311.5 5
12 3331 3.40x103 240  2.2x106 312.2 3
FIGURE G-7
Beam D',_ Drun out Dm DAC'NM.
1 .248 523 771 477 1.
2 .401  1.226 1.627  -.226  -.663
3 .217 621 .638 1.379  1.746
4 555 097  .652  .903  1.626
5 914 0 .914 1.000 1.094
6 .228  1.008 1.236 -.008 -.035
7 .384 552 .936  .448  1.166
8 .136 712 .848  .288 2.120
9 '.934 0 .93 -+ 1.000  1.07
10 .459/.316 .0 .875  1.000  1.143
1M .855 149 1.004  .851 . .996
12 .528 .903  1.431 .097 .184

FIGURE G-8

.tz

66x1025ec

.35x103
.18x103
,02x10°

0

.059x10°
.8x102
.84x102

0
0

A4x10
.47x102

Az

5869

575
484
598

600
674
653

674
610

DA/D!P ;[t/& Z%Dp
924 1.04 .99

12

N2s
4x10°
3.4x10°
1.6x10°
3.3x10°

3.3x10°
1.25x10°
1.7x10°

1.13x10°

1.2x10°

ZD%.

1.005



Comments on Figures G-7 and G-8
(1) The data consists of results from 12 specimens run in 3 tests. The times and

input levels of each test varied depending on what on-the-spot calculations

13

indicated as to the damage levels. The first 3 entries are for the first test while

the second three entries are for the second test and the remaining entries are for
the third and final test.

(2) .The run-out levels are nominally 600 g's peak but have been corrected based on
post-test accelerometer calibration checks. If a variation between pre-test and
post-test check occurs, a more critical check is then made to determine which is
correct.

(3) The Weibull plot (Figure G I6) of the failure points show two distinct curves.
of tHe three failure points which define the upper curve, each point represents a
specimen which came from a different test. No explanation for this effect can be
offered. Because of this compound curve and the Timited number of samples no
Weibgll mean was calculated.

(4) Three specimens failed during the correlation portion of the test. They are
numbers 5, 9 and 10. When the correlation portion of the test was finished, the
changes in resonance were 3.4 cps, 16.2 cps and 5.0 cps respectively, requiring an
extrapolation to be made to get the times at failure. Since these times are
obtained by extrapolating, they will be excluded for purposes of comparison. An
adjusted Weibull plot (Figure G IT) of failure points was made which also showed

the compound curve. A table of adjusted test characteristics is shown:

Y Dy/, ;_2_5_9 z D7 Do

1.038 1.018 .903

Table G-1



The elimination of these three points results in a poorer set of correlation
characteristics. The overa]T predicted damage increased 3.5%. The average
predicted damage of the correlation portion of the test increased 10% when compared
with the average actual damage.

(5) The important result of this test is that:
Two part tests composed of different types of vibration produce

damage which can be predicted by the fatigue hypotheses used in this

project.

(6) Specimen (10) changed its dynamic characteristics by more than 5% during
the test so therefore the damage accumulation was broken into two time portions
rather than taking the average value. This specimen was also one of those

which failed during the correlation portion cf the test.

Diora %Q + ﬁ:ﬁ?

Sine Sweep Test

P-M Hypothesis = .50 and fz-g 4,50¢Ps 'F' < 25°CPS

Yo% = 85I

14
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1
12

A
480g's
546
467
535
527
455
484
407
536
618
697
597

2
545g's

599
545
626
649
535

FIGURE G-10
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WEIBULL MEAN: 988 & D/’,ﬂ: 99 Dyszg .03 Z Da De. O7
7

The complicated presentation of data in figures G-9, G-10, and G-11 resulted
from the fact that in the first sine sweep test the dynamic characteristics of the
beams changed more than 5% so the test was broken intn four segments. If some
specimens did not change enough to warrant more than three breakdowns, for instance,
then the fourth space was left vacant. Specific observations inciude:

(1) The correlation measurements shown above are made without consideration of
specimen (9). The total damage of 3.45 is well out of the scatter band of the
rest of the data. The run-out-to-failure portion of the test accumulated a damage
of 3.32 which is indicative of some gross error. The test calibration was double
checked and appeared correct but no comparible deviation was measured on any other
test or on the compiling of the fatigue curves. If Specimeh (9) is included, the

correlation measurements are poaqr.

L2/ :120 JZDa/TDp=303 Z_P,:Z_QP-:-.GZZ

In addition to this, the Weibull plot (Figure G I8) of all points show specimen (9)
far off the line for the other 11 specimens. For these reasons, specimen (9) is
omitted.

(2) In the (C-D) damage accumulation,the tabular computations are not shown for the
sake of brevity. The correlation measuremenfs are presented for the (C-D) hypothesis

1

with specimen (9) not included:
) D14:1.09 2 Da/TDe=767 ZD@'_‘/ZDP-, .86

These values show that the (P-M) hypothesis in all comparible aspects yields better

correlation than does the (C-D) hypothesis.
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(3) This data is. the result of two tests. The first test which includes the first
six specimens was complicated by changing characteristics. The visco elastic dampers
became partially loose as the test progressed due to poor glue bonds. None of them
came loose, but the characteristics changed as the test level was increased. After
one hour of test time the level was increased to compensate for the unexpectedly

low Q's. After this increase, a continued change of characteristics was observed.
This change in characteristics was handled by plotting the beam tip g level vs.

time and then breaking this up into increments so that the average g level for the
increment of time duration was used. This is the way the reduction of data was
handled. It is conceded that same error is induced by this non-stationary response

and this is reflected in the lower slope of the Weibull failure plot for this test.

Field Vibration: Dy e a\ *_l_\ + £hi‘_g + ﬁ i"
Nri  Nre N@  Nse

P-M hypothesis - ‘: :
= '
Ne i

th = F t‘L
Nr2

Dis= $f r’t’
In %% Nss Q

Dl,l ¥ Dlo‘l * Dl.!

Dz s Fmi t"
Ns+
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Considering figure G-12:

(1) The test was broken up into several portions in the low level random
portion of the test. Those portions of the test that varied more than 5% were
broken into segments with the average value of that segment being used in
computations.

(2) The specimen resonant frequency during the corre]atibn portion of the test
was measured during the sine sweep portion and taken from oscillographic records.
No measurement was taken during the random vibration portion of the test and it
was assumed that the resonance was the same during the random vibration portion
of the test as it was during the sine sweep portion.

(3) The calibration of the amplifier for the run-out-to-failure portion of the
test was similar enough to the pretest calibration so that it is possible to
double check the calibration levels. The results support the possibility that

the amplifier drifted during the test. The previous example in this section

had the following values which were used during the test:

Beam Sensitivity (pretest) Sensitivity (post test)
1 .879 mv/g 1.005 mv/g
2 .844 .928
3 1.381 1.530
4 .490 .550
5 1.044 1.170
6 . 820 917
SUM gjzgg gf;aa
TABLE G-2

The second column of sensitivities is based on the calibration made after
the correlation portion of the test and prior to the run-out-to-failure portion
of the test. The sums of sensitivities had been decreasing with each of the last

two checks made prior to the test. The post-correlation test calibration indicates



c

an 11.8% rise in sensitivity had occurred by that time. Therefore, the most
probable conclusion is that the ampiifier continued to drift throughout the
test so that the average sensitivity was about 12% below that sensitivity
mea;ured just prior to the test. This is the only test conducted with the
second capacity probe in which a calibration drift was observed.

(4) The damage accumulation according to the (C-D) hypothesis was calculated.
The only portions of the test which should have been affected by the change
of hypothesis is the low level random and the sine sweep. The low Tevel
random was preceded by a high level of random so that it should be affected.
The sine sweep portion of the test induces the highest stresses in the speci-
men up to that time, but due to the cycling, the highest stress during one
cycle is preceded by lower stresses. The sine sweep test indicated that the
(P-M) hypothesis is a better pfedictor of damage for that type of vibration.
Only the altered damage levels for the Tow level random test and the sine

sweep test will be tabularized for the sake of brevity.

Low Level Random

Beam (‘\,‘a A, (Nme)z (i\mg)3 D.,z.u s DI.Z;‘& Dl.z.!

1 3.43 2.94 1.91x10 2.7%10° --
2 . 2.99 -- -- .0509 - -

~2 -2 -2
3 4.84 4.33 4.05 2.31x10 2.77x10 1.546x10
4 2.99 -- -- .1645 -- --

<2 -2
5 3.02 2.60 -- 2.49x10 2.07x10 --

-2
6 3.08 -- -- 2.81x10 -- --

TABLE G-3

\
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Sine Sweep

Beam D]’3
1 .081 Da
2 184 z~_“;(_Dl"-=?..80 ZD‘/Z De= 1.82
3 1239 |

4 801 & Drora . 637
' m
5 .286
6 .056 TABLE G-4
The above correlation measurements are better than those for the P-M
hypothesis, but this is only a coincidental circumstance. It is believed
that the amplifier drifted in the direction of decreasing sensitivities so
that the predicted damage would be Tower than the actual damage. Since the
(C-D) hypothesis predicts greater damage it would in this case yield better
correlation measurements. No value can be obtained from the data for the field
vibration since it is felt that the instrumentation was faulty.
It is reasonable at this point to consider how much can be said about the
validity of the (P-M) hypothesis or the (C-D) hypothesis.
A1l tests results indicate that the (P-M) hypthesis is better than
the (C-D) hypothesis:

(1) The spacing of the random fatigue curve with respect to
the sine fatigue curve is in agreement with the (P-M)
hypothesis.

(2) The slope of the random fatigue curve is in close agree-
ment with the (P-M) hypothesis. The slope of the random
curve is 7.66 while the slope of the sine fatigue curve
is 7.94. This is a 4% difference which is probably with-
in the measurement error range. To satisfy the C-D

hypothesis the slope should have been 4.92.
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(3) The sine sweep test data correlated better using
the (P-M) hypothesis. In this test, repeating blocks
of continuously varying stresses were applied to the
specimens in & manner similar to the way the (C-D)d
term was determined, but still the (P-M) gave a better
prediction of the actual damage.

One method of data presentation which is used on this set of tests and
which needs clarification is the Weibull Plot in which the absicca is expressed
in terms of damage rather than cycles to failure. The graph of per cent fail-
ed vs. cycles could have been plotted on probability paper also but it was
fejt that the Weibull distribution is more realistic for fatigue testing. The
tests were conducted at a given input but because of variations in resonance
and Q, the stress level was different for each specimen. A failure rate plot
is usually made for a given specimen stress therefore it would be unlikely that
a very meaningful plot could be made of the raw data unless some effort were
made to normalize the stress or the cycles to failure. By the definition of
damage used in this report, the normalized cycles to failure, n/N, for a given
specimen becomes damage. Now for a rate-of-failure plot in which the stresses
are all different, the cycles to failure, nj, for the ith specimen is normalized
on the mean number of cycles, Ni, which would have resulted if all the specimen
had been run at this stress. This mean number of cycles comes from the S-N
curve for the ith stress. This transformation of the cycles-to-failure-axis
into the damage axis also permits plotting the results of multilevel tests such

as .occurred in this project.



The following illustration and derivation is presented to clarify how
the equivalence equations are verified by the indirect approach used in this
study.

In the example in Appendix J, the envelope of a random equivalent input
is plotted for the field vibration supplied by the Contractor. For a specimen
with fn = 340 cps, Q = 20 and a test of one hour,the equivalent random test in-
put is 1.56 gz/cps at 340 cps region of the spectrum. Using B-34 it can be
determined that the stress is 4265 psi. rms. From the S-N curve for these
beams in random loading the N term is 1.72 x 1010 cycles. Some scaling up of
level is necessary to get any measurable damage in a reasonable time (no exper-
imental data was obtained for this extreme 1ife). Since the actual fn and Q
cannot be controlled, scaling of these terms must be made also. In the equiv-
alent random correlation test, values of fn, t and ¢ can be measured during
the test so that scaling factors can be obtained to determine the change in
damage due to scaling. A simple derivation is presented to show how actual
predicted equivalent test levels can be checked by the tests performed in this

project.

9

Let D; be the field vibration damage as predicted from the scaled parameters.

D; = fpe e G°
h .m..ﬁ.E_L.r ¢

where the subscript f denotes parameters scaled from the field vibration. C, is
the random fatigue curve parameter. In the next equation, subscript t stands

for the parameters which occur during the correlation test.

D= fmt:te G
C,




The equivalent test parameters are related to the correlation test parameter

by some factor M,

fntt = M]fn ,F
ty = Mzt;
G - Mo

be b b
Dy = (M]fn,;)(Mztﬁ)(M3 Obn ) = MiMoM3 Dﬂ = MtDﬁ

C
- b °r

Now the predicted correlation damage is MtD§° The actual correlation damage
is 1-Dp where D, is the damage due to the run-out- to~failure portion of the
test. If

("Dzi )._._ i or g(I-D,‘,V'Z’ MeiDei=1

Mt;iDyy

L)
|=

then the statistically average actual correlation damage is equal to the scaled

damage of the equivalent test. The two correlation measurements just shown
are no more than z and Z%DP which were determined for every
test. Therefore, once an equivalent test level has been determined, whether
it is sine dwell, sine sweep or random, the tests which have been run show
that it is possible to predict that damage accurately.

Another measurement was made which is considered important with respect
to the basic random damage equation. That is the degree to which the actual
peak distribution of stresses are approximated by the Rayleigh distribution.
The prediction of the slope and position of the random fatigue curve is based
on the assumption of a Rayleigh distribution of peaks and a (P-M) damage
accumulation. Close agreement exists for this prediction with the undamped

beams. Since with a Q of 2000 a very narrow band random response will occur
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and the assumption of a Rayleigh distribution is probably very close. 1In

the correlation tests though, the Q is often close to 10 during the test

so some variation could result due to this.

Data was taken for all 12 beams

of the random vibration test and a plot of & typ{ca1 response is plotted.

The procedure was to measure the number of times the signal exceeded

a certain threshold level.

A tape loop of the beam tip response during the

test was repeated with the threshold level changed gradually from run to

run until the threshold had been changed from the highest positive peaks

to the highest negative peaks.

vibration peak count measurement was:

THRESHOLD

+1.4 volts

1
1

o ~w ® w o

.3
.2

volts
volts
volts
volts
volts
volts
volts
volts
volts
volts
volts
volts
volts

volts

COUNTS ABOVE
THRESHOLD

0
2

19
78
215
500
1022
1775
2827
4015
5158
6029
6384

The raw data for beam 1 of the random

PEAKS OCCURING
WITHIN INTERVAL

15
59
137
285
522
753
1052
1188
1143
871
355

27
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COUNTS ABOVE PEAKS OCCURING
THRESHOLD THRESHOLD WITHIN INTERVAL
: 345
-.1 volts 6039
835
-.2 volts 5204
1127
-.3 volts 4077
1192 -
-.4 volts 2885
. 1016
-.5 volts 1869
792 T
-.6 volts 1077
550
-.7 volts 527
, 286
-.8 volts 241
138
-.9 volts : 103
64
-1.0 volts 39
29
-1.1 volts 23
10
-1.2 volts 13
5
-1.3 volts 8
8
-1.4 volts
TABLE G-5

The values in the column of peaks between levels are the data points to
be used in the construction of the distribution curve. It is a two lobed curve,
symmetrical about the zero voltage point. In this form it is easy fo determine
if the beam deflected more in one direction than another. Of all the beams
tested, none showed any significant asymmetry. To compare the experimental
cu;ve with a true Rayleigh distribution, the assumption had to be made then
that the maximum point on the distribution coincided with the rms level and

therefore also coincided with the peak of the true Rayleigh distribution. A

Rayleigh distribution was plotted to satisfy this condition and comparisions
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were made of the superimposed plots of the two curves. These plots are

shown in Figure G-13. The conclusions which can be made from this are:

(M

(2)

Not enough data was available to get much of the distribution curve

out at the 2 and 3@ points. Although the loops were as long as 20
seconds (tape loop machine capacity) the number of peaks at the 4

sigma level becomes very low. Therefore, the tails of the distributions
are not well defined.

It was found that the curves which were the most distorted were taken from
tapés which also produced the most distorted spectral analysis. A
hypofhesis for this phenomenon is that in the time period of the tape
Toop, only several resonant build ups and decays occur and since some

of these will be slightly off resonance, they will not reach the mag-
nitude of an on-resonance response. The spectral analysis which shows
several off-resonance responses usually has distortions in the peak
response (one particular exception was the tape loop from the shaker
table; this peak distribution was nearly an exact Rayleigh distribution
but the spectral analysis was very distorted). In comparing the specimens
which had greater than a Rayleigh distribution of peaks in the high

stress region with specimens which sustained high damage levels, there
was found to be no noticable correlation. This strengthens the belief
that the tape loop time was too short and that if a longer sample time

had been available the limiting distribution would have been a Rayleigh

distribution.
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(3) The following argument is presented to further support the existance

of a nearly Rayleigh distribution in the 3¢ and 4@ region since the

peak measurements are too inconclusive in this respect.

a. The (C-D) hypothesis predicts a closer spacing than does the
(P-M) hypothesis.

b. If the peak distribution were clipped in the high G region, a
less damaging situation would exist and the random-sine spacing

~would be closer than predicted using the Rayleigh distribution.

c. The spacing has been measured to be 2.6% greater than predicted
using the (F-M) hypothesis and the Ray]eigh distribution as
assumptions. Since any assumptions other than these would result
in less than the extreme spacing, it must be assumed that these
conditions exist.

The final portion to be covered in this section is the analysis of the
data taken during the fatigue property tests of the undamped specimens. This
consisted of determining the S-N curve for random and sine and the (C-D)
exponent "d".

The reduction of data to determine the S-N curves was straight forward.
The test procedure is the same as for the run-out-to-failure portion of the
multibeam tests. The test was interrupted when the Q dropped to 100 to make
resonant frequenéy checks during the sine tests. The time to failure was -obtdined
byrinterpolation between these check frequencies. A similar procedure was
followed in the :random testing when the narrow band output of the capacity
probe transducer dropped out of the pass band of a narrow band filter set on
thg ofiginél resonance of the beam. Since it was difficult to run groups of

beams at the same stress level, a least square curve fit was used with no

e 25
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grouping of points. The cycles-to-failure and stress were converted to natural
Togarithms and the best straight line was fitted to this plot. The variance
of the logarithm of stress was also computed. Points outside of a +3 o band
about the curve were eliminated and a new line was fitted to remaining points.
One or two such points were eliminated. Other points which were omitted were
for samples in which some obvious procedural mistake was made (bad calibration,
over stressing, amplifier drift, etc.).

The S-N curve equation is given for each set of beams, and in Fig.

the points and curves are plotted for each set of beams.

31

Set 1. Sine: No 08 = 2.44 x 10*® (24 points) Random: No’-0% = 2.47 x 1034
(18 points)

Set 2. Sine: No®-39 = 4.97 x 1034 (15 points) Random: No6-55 = 8.75 x 1032
(7 points)
] SIGMA: +1.04% ] SIGMA: +1.15%

Set 3. Sine: No’-94 = 5.03 x 1041 (15 points) Random: Ng/-66 = 7.8 x 1037
(5 points)
1 SIGMA: +1.50% 1 SIGMA:  +3.55%

COMMENTS:

(1) The specimens in Set 1 were of the original configuration with no side notches

; and the region of high stress in the root region was not greased. It was
attempted to run the test with groups of specimens at the same stress level.

Post-test calibration checks were not made at this early stage and therefore

the scatter is high on the sine testihg. By the time the random tests were .

conducted, it was decided not to attempt to run blocks of specimens at the
same stresses. The scatter on this test was better than for the sine test
but the best feature of this test was that an attempt was made to run speci-
mens at very high to very low stresses. Time to failure varied over a range

of 1300 to 1 so that the slope was defined with a good degree of accuracy.



(2)

The beams tested in the sine portion of Set 2 came from two separate
sets of beams machined from different stock at different times. The
equations for each set is:

No’+3% = 9.5 x 1038 and No -85 = 1.89 x 10%2
A]though the slopes vary on these two sets, the region of definition
js small enough that the line for each curve lies within the scatter
band of the other curve. Several beams in the random portion were
eliminated because of poor test procedure. The position of the sine
and random curves in this test are higher than for the curves for
beams in Set 1. This is because an approximate Ky was used instead of
the actual Kg. Although an error is induced by not using K¢, it was
felt that if that Ky was used consistantly throughout all the calcuia-
tions no problems would result. The sine dwell test was conducted using
beams from Set 2.
The new amplifier was used for Set 3. In the random portion of this

set three beams were excluded because of improper testing procedure.

) The measurement of the separation of the sine and random SN curve at

N = 106 cycles was performed and shown here. Most of the correlation
tests lasted about 106 cycles. The formula for the random curve (using

C-D) should be:

d_Cs
Nor=E(1+92)]
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where d is the (C-D) damage exponent and the slope of random curve. The

ratio of the stresses are:

g d4-b Z‘V‘F(H%)] d
o;
Using the slope of the random curve for d; (55/2,;_ being the ratio of
the sine stress to the random stress at 10° cycles; and 0’5 the sine

stress at 100 cycles, it was found that very poor correlation existed.

Next it is assumed that the random and sine curves will be parallel using

(P-M). The equation then becomes:
[zb"ér‘(“%)]/b

where b is the slope of the sine or random curve. A table is presented
which has the ratios of the predicted spacing to the actual spacing for

all sets of the beams using the b for the random equation and the b for

the sine equation.

Random b Sine b
Set 1 1.043 1.186
Set 2 .808 .842
Set 3 .955 .980

TABLE G-6 |
The average of the two slopes in Set 3 produces a ratio of .972. This
average slope of 7.8 was used in the computer program. It is considered that
these results are nearly conclusive proof that for the material used in this
project, the damage accumulation is linear. The average of all the above ratios
is .969 while any comparison based on (C-D) damage accumulation is so unrealistic
that it is not presented.

The computations used in getting the value of the (C-D)d term based on the

following derivation:



Noﬂid = T\oﬁd .“’"‘zo'zd
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where (ri and (fé are the stresses in a two level repeating test. N] lies on the

S-N sine fatigue curve and exponent d is to be determined.

equation can be expressed as:

(vaf = (M)

which is the form used to get the value of d. The data and results used in the

computations are presented. ,The beams are from set 3.

This form of the

seam O fn (cps) A () G (psi)  N,(x1Pey) *n,(xlo{g)m(no‘q)u!f-" d

1

~N O g e W

.66 313.5 600 3.68x10% 3.2 .518 7.76 . 3450 2.56
.615 314.0 647 3.97x10% 1.8 .864 10.54 .0864 5.04
.615 312.3 650 4.03x10* 1.5 .203 20.6 .0144 8.72
.615 312.2 .....657 a.07x10% 1.4 .515 6.78 .1305 4.19
.615 309.0 650 a.11x10% 1.25 .529 7.83 .0918 4.91
.615 307.5 650 4.16x104 1.16 .675 9.10 .0533 6.04
.615 310.5 650 4.07x"lO4 1.4 .513 7.53 1179 jLﬁl

.TABLE -7 AVG: 5.13

The variance for this test was determined and it was found to be jﬁ.76. Two
extreme samples, numbers 1 and 3 were excluded as being too far out of line. The
new d is then 4.92 and the variance is +.64. This number was used in the analysis.

A calculation of d was made for each set of beams and are presented. It was
felt that more attention to detail was spent on the experiment mentioned above than ’
for the two previous tests. For the second set of beams d = 5.68 but the variance

was +1.85. For the first set of beams d = 6.87 with a variance of +1.34. By
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excluding outlying failure points the value of d for the second set became 5.71 with
a variance of +1.24 and for the first set d became 5.98 with a variance of +.59.
The value of%which Corten and Dolan found as an average to be .85 for their

experiments were in these tests:

set 1: Y = .618
set 2: Yy - .896
set 3: 9 - .632

The b value used was that for the sine S-N slope for that particular set of

beams.
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APPENDIX H

INSTRUMENTATION BLOCK DIAGRAMS

Figure H-1 is a functional block diagram of the 1nstrumentat1on
setup utilized for s1nuso1da1 testing.

Figure H-2-is a functional block diagram of the instrumentation
setup utilized for the random vibration testing.
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APPENDIX J
EXAMPLE TEST DETERMINATION

An example is presented in this section to show how an equivalent vibration
test would be generated. The field vibration for this example will be the same |
as that supplied by the contractor of this project. It consists of two random
vibration portions (Figure J-1) and one sinusoidal sweep portion (Figure J-2).
The specimen is considered to have a b of 7.8. The specimen resonances and Q's
are:

1. fn

200 cps Q=10
2. f, = 400 cps Q=30

3. f, = 1200 cps Q=12

4. fp

1700 cps Q=10
It is desired to have the final equivalent test ba a:sine sweep test from 20 cps
to 2000 cps lasting for one hour.

This data is put into the data deck by filling cards 1 thru 7A as shown in
Appendix C. The plotted results of the computer output is shown in Figure J-3.
It can be seen that from about 225 cps to 1500 cps the random vibration component
of the field vibration is predominant and scaling to sine vibration is dependent
upon the Q of the specimen. Above and below this frequency range, the dominant
component is sine sweep vibration and no dependence upon Q is shown, since the
scaling is done for similar types of vibration. The resonant points are piotted
properly in the Q curves as shown in Figure J-4. Since it has been assumed thru

out the development of the program that damage occurs only in the resonant region,




it now becomes possible to 1ink up these four points with any line. The dotted
Tine shown was chosen because it results in a more easily conducted test than
some constantly varying level as would be possible with a sine sweep curve
follower. This test is a compromise because it is one g too high at 400 cps
and one g too low at 1200 cps. Since this is only about a 5% error, which is
near the limit of most table servo systems, it is considered to be a reasonable
test. If at this point it is seen that the level is too high, or the time too

Tong,level scaling can be performed without rerunning the program.
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